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ABBREVIATIONS 
RME  Rapid Maxillary Expansion 
SDB  Sleep-related Disorder Breathing 
OSA  Obstructive Sleep Apnea 
3D  Three-Dimensional 
CBCT   Cone-Beam Computed Tomography 
Co  Condylion 
Gn  Gnathion 
CS  Cervical Stage 
Ar  Articulare 
Go  Gonion 
RCT   Randomized Clinical Trials 
TB   Twin Block 
S  Sella 
N  Nasion 
A  A Point 
B  B Point 
Pg  Prognathion 
Me  Menton 
TPA   Transpalatal Arch 
TMJ   Temporomandibular Joint 
CVM  Cervical Vertebral Maturation  
SME  Slow Maxillary Expansion 
SARME Surgically Assisted Rapid Maxillary Expansion 
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MARPE Micro-implant Assisted Rapid Palatal Expansion 
CLP  Cleft Lip and Palate  
RERA   Respiratory Effort Related Arousal 
OSAS  Obstructive Sleep Apnea Syndrome 
CSA  Central Sleep Apnea Syndrome 
CSR  Cheyne-Stokes Respiration 
PSG  Polysomnography 
AHI  Apnea-Hypopnea Index 
RDI  Respiratory Disturbance Index 
CPAP   Continuous Positive Airway Pressure 
MAS  Mandibular Advancement Splint 
2D  Two-Dimensional  
MRI   Magnetic Resonance Imaging 
CT  Computed Tomography  
RMN  Rhinomanometry 
AR  Acoustic Rhinometry 
DICOM Digital Imaging and Communications in Medicine 
MDCT  Multidetector helical CT 
OPT  Cranio-cervical Inclination 
C3  Third Cervical Vertebrae 
FOV  Field of View 
BMI  Body Mass Index 
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1. INTRODUCTION  
Angle defined a Class II malocclusion as a distal occlusion of the lower molar to the 
upper molar.1 Class II malocclusion is one of the most common dental deformities.2,3 
The aetiology of Class II malocclusion can be attributed to both genetic and 
environmental factors.4 A deficient mandible is the most common characteristic in 
skeletal Class II patients.5,6 
The Herbst appliance has been recommended to treat Class II growing patients with 
retrusive mandibles.7,8 The concept of the Herbst appliance is to hold the mandible 
forward in order to facilitate further increase in the growth of the mandible.8 Although 
some authors concluded that there was not enough evidence to demonstrate that the 
Herbst appliance can grow the mandible more than it would have without 
treatment,9,10 a systematic review of functional appliances by Cozza et al.7 concluded 
that there was evidence to suggest that there is increase in mandibular length in 
treated patients when compared to controls.  
Constriction of the maxillary arch is often present in Class II patients.11,12 Rapid 
maxillary expansion (RME) is commonly used with functional appliances to correct 
maxillary arch constriction in order to allow forward repositioning of the mandible. 
Thus, rapid maxillary expander is commonly used before or simultaneously with 
Herbst treatment, and is usually designed into the construction of a Herbst 
appliance.13 
Class II malocclusion is one of the risk factors for sleep-related disordered breathing 
(SDB) and obstructive sleep apnea (OSA), especially in cases with retrognathic 
mandibles.14 Many studies found a correlation between retrognathic mandibles and 
reduced upper airway volume.15-19 To improve airway obstruction in these patients, 
intervention involves forward mandibular positioning.7,20-22 Herbst combined with 
RME treatment in Class II patients had been reported to increase the airway 
volume.23 There are also reports that RME increases upper airway volume in Class I 
patients.24,25 
Advances in three-dimensional (3D) imaging systems, like cone-beam computed 
tomography (CBCT), have been used in airway studies. 3D analysis on CBCT data 
can provide volumetric measurements and morphological evaluation26 with significant 
reliability and reproducibility.27  
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The effects of Herbst and RME treatment on skeletal and airway changes at different 
stages of growth have not been evaluated. Thus, the aim of this study was to assess 
the dento-skeletal and airway changes after Herbst and RME treatment in Class II 
patients in comparison with the changes after RME treatment or full fixed appliances 
in Class I patients.  
2. CLASS II MALOCCLUSION 
2.1 DEFINITION 
Edward H. Angle1 described a Class II malocclusion as when the “mesiobuccal cusp 
of the maxillary first permanent molar occludes in the embrasure of the mandibular 
permanent second premolar and first molar.” If the molar occlusion on one side is 
Class II and the other side is Class I, then it is termed a Class II “subdivision”.  
A Class II malocclusion can be further classified according to the inclination of the 
maxillary incisors. A Class II division 1 refers to proclined maxillary central incisors 
with an increased overjet, whereas a Class II division 2 refers to retroclined maxillary 
central incisors with a normal overjet. The shortfall of Angle’s classification was that it 
only described the sagittal plane, and did not describe any transverse or vertical 
relationships.1,28 
A Class II relationship can have skeletal and/or dental components. Furthermore, a 
skeletal Class II can consist of a prognathic maxilla and/or retrognathic mandible. A 
dental Class II can be result of mesial occlusion of maxillary teeth and/or distal 
occlusion of mandibular teeth. It may also be due to a size discrepancy and/or a 
positional disharmony between the skeletal bases and dentition.5,29  
2.2 INCIDENCE 
The prevalence of Class II malocclusion varies among different populations. The 
incidence of Class II malocclusion in the Caucasian population ranges from 15% to 
30%.2,30,31 Approximately 20% of Latino individuals present with Class II 
malocclusion.32 In African populations, 7% to 14% have this malocclusion.30,33,34 The 
prevalence among Chinese patients is around 20% to 25%.31,35 
Many studies show that the majority of Class II malocclusions across most ethnicities 
is Class II division 1.32,34-36 
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2.3 CHARACTERISTIC 
Angle’s classification, which has been widely accepted since 1899, describes 
malocclusions based on the relationship of the first molars.1 A Class II malocclusion 
is described as a distal occlusion of the mandibular dentition to the maxillary 
dentition. The shortcoming of this classification is that it only considers the 
anteroposterior deviation of the dentition in the sagittal plane. It does not encompass 
other planes, facial aesthetics, alignment and symmetry of the dental arches or 
skeletal relationships.29 
Ngan et al.37 summarised Class II malocclusions into four main groups: anteriorly 
positioned maxilla, anteriorly positioned maxillary teeth, retrusion of mandible or a 
relative retrusive position, and excessive vertical development leading to a hyper-
divergent facial type.   
The majority of Class II malocclusions are due to retrognathic mandibles, with a 
protrusive maxilla being an uncommon finding.5,37 Therefore the treatment of this 
type of skeletal class II patients should be aimed at enhancing or altering the growth 
direction of the mandible.5,37 
2.4 AETIOLOGY 
The aetiology of Class II malocclusion is multifactorial in nature. Many studies report 
the combination of either genetic or epigenetic factors in the development of a Class 
II malocclusion.38-44The heritability of a Class II malocclusion has been investigated in 
the past with twin studies and association studies.41,45,46  
Stein et al.43 in a cephalometric study of 275 subjects from 150 families found that 
there was a high correlation of malocclusion between sibling pairs. The authors 
concluded that heredity factors play an important role in the development of a 
malocclusion.  
Nakasima et al.41 examined 96 Class II and 104 class III patients with their parents 
by lateral cephalograms. The radiographic tracing of parents and their offspring 
demonstrated a high incidence of both malocclusions within families.  
However cephalometric studies of monozygotic and dizygotic twins have 
demonstrated significant hereditary variation in the anterior cranial base, mandibular 
length and lower face height.44,47,48 
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Environmental factors also contribute to the development of Class II malocclusion. 
These factors include habits, mode of respiration, resting tongue posture, trauma and 
oral muscle activity. The soft tissues, such as the lip, can influence the position or 
inclination of upper and lower incisors. Proclined incisors are commonly observed 
with lip incompetence. Class II division 1 malocclusions can be a result of digit 
sucking habits, early loss of deciduous or permanent teeth, insufficient function of the 
jaws, or nasal and throat disturbances. 4,39  
Moss suggested in the initial version of the functional matrix theory, which was based 
on the macroscopic experimental, comparative and clinical data, that epigenetic 
(environmental) factors play a role in craniofacial growth and development. The 
functional matrix, which includes muscles and teeth, has an influence on the 
remodelling and relocation of local bone areas. Biomedical and bioengineering 
advances have contributed to the understanding that genetic and epigenetic factors 
both play roles in ontogenesis.49-52  
Most studies agree that genetic factors have a strong influence on the skeleton, 
whereas occlusal variables of tooth position tend to be influenced by environmental 
factors.4,38,42,45,53 
2.5 GROWTH OF THE MAXILLA AND MANDIBLE 
The maxilla grows in a downward and forward direction relative to the cranial base. 
This forward displacement of the maxilla is due to growth of the cranial base until the 
age of 7 and then sutural growth takes over. The bone deposited in the posterior 
sutures and surface remodelling creates length in the maxillary arch for posterior 
teeth to erupt. While the maxilla moves forwards, bone resorption takes place at the 
anterior surface.54 The vertical growth of maxilla is a consequence of resorption of 
nasal cavity floor and apposition of bone in the palatal area. This process results in 
downward displacement of the maxilla. In addition, tooth eruption leads to vertical 
growth and an increase in the height of the alveolar processes. The transverse 
dimension of the maxilla also increases due to the buccal eruption of the posterior 
teeth and growth within the midpalatal suture.55 
The mandible moves in a downward and forward direction to the cranium as a result 
of displacement. The growth of the mandible occurs mostly in the posterior areas 
such as the posterior surface of the ramus, condyle and coronoid process areas. 
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Bone apposition at the posterior mandibular surfaces creates increase in length, 
while surface remodelling of condylar process contributes to increase in height.54  
2.5.1 CLASS I AND CLASS II GROWTH PATTERN  
The understanding of growth and development of Class II patients is vital to 
treatment planning as is with any other type of malocclusion. Growth has been 
assessed through longitudinal and cross-sectional studies with comparisons between 
untreated Class I and Class II patients.   
In a cross-sectional study, Anderson and Popovich56 investigated the horizontal 
position of the maxilla and mandible in Class I and II children. In the Class II group, 
the cranial base angle and upper cranial height were larger while the lower cranial 
height was smaller than the Class I group. From the age of 8 to 16, the lower cranial 
height increased while the cranial base angle decreased. In addition, Class II 
children both the maxilla and the mandible were positioned more posteriorly relative 
to the cranium, with greater difference in the position of the mandible. It was also 
suggested that children with the flat cranial base angles and superior and posterior 
positioned mandibular condyles have a tendency to develop Class II malocclusion.57 
The results of longitudinal studies comparing the growth patterns of untreated Class 
II and Class I patients are conflicting. Riesmeijer et al.58 reported that mandibular 
length (Ar-Gn) and mandibular body length (Go-Gn) values were greater in Class I 
than Class II in the younger age groups, but that values showed no difference 
between Class II and Class I patients after the late adolescent period. However, in 
Class II patients, mandibular length (Co-Gn) and height of mandibular ramus (Co-
Go) were shown to have smaller increases during the growth spurt, cervical stage 
(CS) 3-4, which is also maintained at the post-pubertal period.37,59-62 In a longitudinal 
study the total mandibular length (Co-Gn) was found to be significantly shorter and 
maxillary incisors more protruded at the end of the observation period in the Class II 
sample when compared to the Class I sample.61 Furthermore the position of the 
mandible in the Class II group is retruded, relative to the anterior cranial base, which 
creates the facial profile convexity in skeletal Class II patients.37,59-64 
In a longitudinal study, Bishara et al.65 described the change of molar relationship 
from deciduous to permanent dentition, and found that a distal step in primary 
dentition has the tendency to develop into a Class II molar relationship in the 
permanent dentition. From flush terminal plane deciduous dentition, 44% of the 
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cases developed Class II occlusion. Baccetti et al.64, studied the early dentofacial 
features of Class II patients and their transition from deciduous to mixed dentition. 
They found an interarch transverse discrepancy in Class II cases caused by a 
constricted maxillary dental arch relative to the mandible, and increased overjet. 
These Class II features were maintained or got worse during development into mixed 
dentition. The authors concluded that clinical signs of Class II malocclusion are 
evident in deciduous dentition and persist into mixed dentition.  
2.6 TREATMENT MODALITIES FOR CLASS II MALOCCLUSION 
There are many treatment options for a Class II malocclusion, depending on the type 
and aetiology, patient’s chief concern, stage of growth, and severity. With respect to 
these factors, the treatment options consists of growth modification (functional 
appliances or headgear during growth), camouflage orthodontics, and surgical 
correction after cessation of growth.37  
3. FUNCTIONAL APPLIANCES  
3.1 INTRODUCTION 
A functional appliance is a device, which can change the posture of the mandible by 
holding it in an open or forward direction. The muscles and soft tissues are stretched 
and these forces are then transmitted to the dentition and skeletal structures.66  
Functional appliances include fixed or removable appliances of various designs such 
as the Herbst appliance, Clark’s Twin Block, Frankel regulator, Bionator, and 
Activator. They are categorised into passive tooth borne appliances (e.g. Monobloc, 
Activator, Bionator etc.), active tooth borne appliances (with active components such 
as springs and screws) and tissue borne appliances.54 
3.2 INDICATION  
Functional appliances are indicated for use in Class II patients with a convex profile 
resulting from mandibular deficiency. They are aimed to enhance the growth of the 
mandible by forward posturing. Skeletal and dental changes are the result of facial 
musculature using stimulation activities by functional appliances.67 The concept of 
functional appliances is based on the functional matrix theory, which explains that 
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adaptation of bone depends on vital systems such as the respiratory and masticatory 
systems.49  
Many types of functional appliances have been used in orthodontic treatment, with 
variable outcomes. Barton et al.68 suggested that a successful outcome could be 
achieved in patients with an overjet of up to 11 mm, increased overbite, active growth 
potential and willingness for treatment. Some authors recommend specific 
parameters such as non-extraction Class II division 1, procumbent maxillary incisors, 
lingual tipping of mandibular incisors, deepbite, flat to average mandibular plane 
inclination and mandibular retrusion cases.68 Furthermore, functional appliances can 
be useful for prevention or correction of oral habits such as thumb/finger sucking.66,68 
3.3 MODE OF ACTION 
Woodside et al.69 described the mechanisms that occurred during Class II correction 
with functional appliances. These include:  
- tooth movement and dentoalveolar remodelling 
- growth restriction of the midface,  
- acceleration of mandibular growth  
- redirection of condylar growth  
- change in ramal morphology  
- horizontal expression of mandibular growth  
- changes in neuromuscular anatomy  
- remodelling of the glenoid fossa 
 
Bishara et al.66 concluded that Class II correction by functional appliances can be 
achieved in several possible ways. These include improving mandibular growth, 
redirection of maxillary growth, maxillary incisor lingual tipping and mandibular incisor 
labial tipping, mesial and vertical eruption of mandibular molars, and inhibition of 
mesial movement of the maxillary molars.  
3.4 TREATMENT EFFECTS  
3.4.1 ANIMAL STUDIES  
McNamara et al.70 investigated the long-term effects of functional appliances on 
juvenile rhesus monkeys. The results revealed increases in condylar growth after 48 
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weeks in the experimental group. After 144 weeks of treatment, mandibular growth of 
treated moneys was greater than control by 5 to 6 mm. Though we cannot correlate 
the results from an animal study to humans, it was the authors’ intention to 
demonstrate that mandibular growth can be enhanced if treatment is provided.  
Woodside et al.69 examined remodelling of the condyle and glenoid fossa with the 
Herbst appliance in adult, adolescent and juvenile monkeys. The authors concluded 
that there was anterior remodelling of glenoid fossa in all experimental groups, 
resulting in a more forward position of the mandible. Only in the juvenile group the 
condylar tissue showed proliferation and increase in mandibular length.  
In a histological study in young rats, Charlier et al.71 found incremental growth of 
condylar cartilage after the use of a mandibular protrusion device. This resulted in 
stimulation of prechondroblastic cells in the condylar cartilage.  
3.4.2 HUMAN STUDIES  
The effects of functional appliance treatment, including the Herbst appliance, is a 
controversial topic.72 While many studies claim that functional appliances significantly 
enhance mandibular growth,73-77 some studies found that functional appliances did 
not promote significant changes in mandibular growth, and the improvement was due 
to dentoalveolar changes.78,79 These conflicting results could be due to 
inconsistencies in study and appliance design, not using functional appliances at the 
right age, patient compliance and individual patient variation.80 To answer the 
question of “Do functional appliances grow mandibles?”, high level evidence such as 
meta-analysis, systematic reviews and randomized clinical trials (RCT) should be 
examined and should be interpreted according to the case.  
3.4.2.1 DENTOLAVEOLAR EFFECTS 
There is evidence that functional appliances significantly reduce overjet by lower 
incisor proclination and maxillary incisor retraction.9,10,81-83 This was true for both 
removable83 and fixed functional appliances.82 A meta-analysis by Vaid et al.84 
reported that fixed functional appliances create more labial displacement of 
mandibular incisors than removable appliances.  
There is also evidence for distal movement and intrusion of maxillary molars and 
mesial movement of the mandibular molars in Herbst and TB treatment.9,10,81 
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3.4.2.2 MAXILLARY SKELETAL EFFECTS  
Few functional appliance studies have reported the clinical significance of the 
maxillary growth restriction effect.84 The systematic and meta-analysis reviews of 
removable83 and fixed functional82 appliances noted that these treatments produced 
slight reduction of SNA. Headgear and headgear functional appliance combination 
has been reported to control forward maxillary growth and reduce SNA more than 
functional appliances alone85. Some TB studies also reported a decrease in SNA81,85, 
which was negligible and supported by insufficient evidence.9,10 Lund et al.86 stated 
that little or no reduction in SNA might be a consequence of the remodelling of the A 
point to a more anterior position. This remodelling hypothesis was based on the 
retroclination of maxillary incisors and labial tipping of root apexes.  
3.4.2.3 MANDIBULAR SKELETAL EFFECTS 
Many animal studies have demonstrated an increase of mandibular growth after 
functional appliances.69-71 However, there is controversy over the skeletal mandibular 
effects on humans. The most probable reason behind this is the difficulty in designing 
studies that recruit patients with the same type of skeletal class II disharmony at the 
right pubertal growth stage.80 Treatment timing, duration of treatment, compliance of 
the patient and the growth pattern of class II patients plays a crucial role in the 
success of functional appliances.87,88 
A recent systematic review and meta analysis on the short term effects of fixed 
functional appliances by Zymperdikas et al.82 reported that the SNB and ANB angles 
showed small changes (slight increase and moderate decrease respectively) after 
treatment and stated that more long-term studies are needed.  Koretsi et al.83 noted 
the small increase in SNB and slight decrease in ANB with removable functional 
appliances. 
Similarly the systematic reviews of Flores-Mir et al.9 and Barnett et al.10 on the effects 
of different Herbst designs concluded that the overall effects are a combination of 
skeletal and dental effects. Flores-Mir et al.9 commented on the small sample size in 
some studies, the use of different variables and different points in cephalometric 
measurements and problems in heterogeneity in study groups. Barnett et al.10 also 
mentioned that most studies used poor reference points in measuring mandibular 
length.  
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The literature review of Chen et al87 on six RCT studies from 1966 to 1999 reported 
that between Class II functional treatment and control groups, that despite favourable 
changes in Ar-Pg and Ar-Gn, there was no difference in overall horizontal or vertical 
mandibular change between Class II functional treatment and control groups. The 
authors comment that this might be the result from inconsistencies in measuring 
treatment outcome variables, differences in treatment duration, and the treatment 
groups compared with untreated controls, or patients that receive other treatment 
forms.  
Cozza et al.7 analysed four RCTs and 18 retrospective longitudinal controlled clinical 
trials (CCT) from 1966 to 2005. Two-thirds of the 22 studies found significant 
increase of mandibular length in functional treated samples particularly when the 
treatment was performed during the pubertal growth spurt. The most efficient device 
was the Herbst appliance (0.28 mm/month) and the second most efficient was TB 
(0.23 mm/month). They also pointed out that all four RCT studies from 90s reported 
no difference of mandibular growth between functional appliance treatment and 
control groups and that, three out of four of those RCT studies commenced treatment 
at the pre-pubertal stage of skeletal maturity. 
3.4.2.4 SOFT TISSUE EFFECTS 
Soft tissue profile improvement is claimed to be another advantage of functional 
appliances. Reported changes in soft tissues with functional appliances include, 
reduction in facial convexity, restriction of forward movement of the upper lip, anterior 
movement of mandibular soft tissue structures, improvement of the aesthetic facial 
angle.89-91 The studies investigating soft tissue effects are also controversial similar to 
the studies on the mandibular effects of functional appliances. Some state that 
functional appliances have favourable effects on soft tissues while other report no 
difference.83,89-92 The reviews by Flores-Mlr et al.91,92 stated that functional appliances 
decrease the degree of facial convexity by restricting forward movement of the upper 
lip. However, the protrusion of lower lip and soft tissue Me did not change. 
Systematic reviews on this topic state that most studies on this topic are in the 
secondary level of evidence and small in sample size. Long-term double-blinded 
prospective and 3D studies are required in the future.91-93 A recent also study 
reported significant soft tissue and dentoalveolar changes with fixed functional 
appliances, including Herbst, although skeletal effects were considered to be less 
significant.82 
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Baysal and Uysal94 compared effects of Twin block and Herbst to untreated Class II 
controls and showed statistically significant treatment changes for mandibular soft 
tissue measurements in the Twin Block group and to a lesser extent in the Herbst 
group. Ibitayo et al.90 investigated the effects of functional appliances in comparison 
with bimaxillary surgery, and showed that the soft tissue changes were similar in both 
groups. 
3.5 HERBST APPLIANCE  
3.5.1 INTRODUCTION AND DESIGN 
In 1905, the Herbst appliance was invented by Emil Herbst, and it was reintroduced 
by Hans Pancherz in 1979.95,96 The Herbst appliance is a fixed functional appliance, 
which minimises the need for patient cooperation, and provides continuous forward 
posturing of the mandible, stimulating condylar growth.73 
There are different types of Herbst appliances: splint, band or crown Herbst. The 
maxillary sides are connected to each other usually via an expansion screw, as most 
class II patients in need for functional appliances also need expansion of upper jaw 
to accommodate the anterior movement of the mandible.  If maxillary expansion is 
not indicated, then a trans palatal arch (TPA) can be utilised. In the mandible the 
band or crown Herbst parts are connected to each other via lingual arch, which helps 
to control the movement of posterior teeth in 3D. The upper arch is attached to the 
lower via bilateral rods in the form of telescopic arms or two sliding tubes of differing 
sizes. The length of the rods is determined by the amount of desired forward 
posturing of the mandible.8,95,96 
3.5.2 INDICATION 
Herbst appliance is indicated in treating Skeletal Class II malocclusion with 
mandibular retrusion. The added benefit of the Herbst appliance in comparison to 
removable functional appliances is that its compliance free as it is cemented on to 
teeth, also making it the appliance of choice for post adolescent patients.8,97 
Many factors play significant roles in treatment outcomes, such as case selection, 
individual response to treatment and patient compliance, timing and duration of 
treatment.68 Franchi and Baccetti88 investigated cephalometric predictors for 
successful functional appliance treatment and reported that favourable treatment 
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outcomes are expected in cases with Co-Go-Me° smaller than 125.5° at the peak 
adolescent growth spurt.  
Pancherz and Ruf98 noted that the Herbst appliance caused an unwanted side effect 
in most Class II division 1 cases, due to anchorage loss, increasing labial proclination 
of the lower incisors. In Class II division 2 malocclusion, the proclination of lower 
incisor side effect may be more favourable, as lower incisors are mostly retroclined. 
The effect of increased condylar growth, with little mandibular backward rotation also 
makes the Herbst appliance suitable for hyperdivergent cases. In addition, Herbst 
treatment was also suggested to reduce the severity of facial profile convexity even 
in young adults with the premise that even the adult temporomandibular joint can 
remodel according to Pancherz and Ruf.98  
3.5.3 RAPID MAXILLARY EXPANSION AND HERBST APPLIANCE  
Skeletal Class II patients have a tendency for transverse maxillary deficiency and 
with the use of functional appliances, the wider portion of the mandible moves 
anteriorly to occlude with the narrow portion of the maxilla. Therefore most functional 
appliances also incorporate an expander. Maxillary expansion, either at a rapid or 
slow rate, can facilitate Class II correction when combined with Herbst treatment.  
Midpalatal, circumzygonatic and circummaxillary sutures are separated by RME.99 
The opening of the sutures was also shown to affect the jaw relationship in the 
sagittal plane. After RME in Class II patients, the mandible was shown to move 
significantly forward, with increases in SNB and decrease in ANB.100  
3.6 TREATMENT TIMING  
The most suitable time for functional appliance treatment is the pubertal growth spurt 
period, when maximum skeletal changes can be achieved.101,102 Growth of the 
condylar cartilage is the area of interest in functional appliance treatment as it relates 
to mandibular growth. However, mandibular growth may not be constant throughout 
the juvenile and adolescent periods and it is extremely important to identify patients’ 
growth status for successful functional appliance treatment.103,104 The indicators to 
detect the peak of growth of the mandible are the velocity of changes in body 
height,104 the skeletal maturation of the hand and wrist,105 and cervical vertebrae 
maturation.105,106 Baccetti et al.102 reported that between cervical maturation (CVM) 
stages 3 to 5, patients showed the greatest amount of molar correction and condylar 
growth in the posterior direction resulting in mandibular length increase. Some 
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studies also showed promising results with the Herbst appliance even in patients that 
started treatment after the peak of pubertal growth, provided there is good cuspal 
interdigitation as opposed to starting treatment in the pre pubertal patients where 
good intercuspal digitation would be lacking at the end of functional appliance 
treatment.98,107 
4. RAPID MAXILLARY EXPANSION  
4.1 INTRODUCTION 
Edward Angle first introduced RME in 1860.108 RME is a therapeutic method that is 
mainly used for the orthopaedic correction of transverse skeletal maxillary 
constriction, deep palatal vault, posterior cross-bite by separating the midpalatal 
suture.108,109 Many structural changes were reported including, an increase in the 
maxillary and interdental widths as well as relief of crowding and nasal cavity 
widening.99,110-113 
4.2 TYPES OF EXPANSION  
4.2.1 SME  
Slow maxillary expansion (SME) creates only dental expansion and is used in 
patients that do not require sutural expansion. The rate of expansion is usually 0.5 
mm per week.114 The appliances that produce SME are removable acrylic expanders 
and Quadhelix and W-spring.115 In very young patients even SME was reported to 
produce skeletal changes.116 
4.2.2 RME  
The most common type of screw used for RME is the Hyrax screw and is applied to 
teeth usually via bands (Banded RME) or acrylic blocks (Bonded RME). The 
expansion screw in the Banded RME is welded to the first premolar and first molar 
bands.117 Bonded RMEs have 2 to 3 mm of acrylic covering the occlusal, buccal and 
palatal surfaces of maxillary posterior teeth.118 
The expansion screw is activated with an approximate rate of 0.2mm to 0.5mm or 
more per day,119 and forces delivered from RMEs theoretically range from 3 to 10 
pounds.120 
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4.2.3 SARME  
In non-growing patients, in order to split the maxillary suture surgically assisted rapid 
maxillary expansion (SARME) is used. SARME involves use of corticotomies, 
releasing surgical cuts on the buccal surfaces, and also separating maxilla from the 
pterygoid plates and similar types of expansion appliances are used.121,122 
4.2.4 MARPE  
Mini-implant assisted rapid palatal expansion (MARPE) is a modification of RME 
which incorporates mini-implants in the palate, which act as anchors for the 
jackscrew.123 Using this technique, the underlying basal bone is expanded and the 
unwanted side effect of dentoalveolar tipping is minimized.124 
4.3 INDICATIONS for RME  
RME is indicated for growing patients with mainly skeletal and combined skeletal and 
dental transverse constriction. However it can still be used in non-growing patients 
with limited success.116 A narrow maxilla is more common in Class II, Class III and 
cleft lip and palate (CLP) patients, and patients clinically present either with unilateral 
or bilateral posterior crossbites, and a narrow upper arch.119,125-127 
Patients with Class II dental malocclusions and normal transverse coordination may 
lose this relationship when the lower arch is advanced into a Class I occlusion with 
functional appliances. This is due to the anterior movement of the wide portion of the 
mandibular arch to occlude with the narrower portion of the maxillary arch. Thus, 
widening the maxilla in Class II patients may be necessary for facilitating anterior 
movement of the mandible.128 
Prior to treatment, it is important to quantify the intermolar and interpremolar width 
discrepancy between the maxillary and mandibular arches, and to assess the 
severity, quantify the number of teeth in crossbite, and assess the inclination of 
molars and premolars so as to predict the required amount and method of 
expansion.121 
Due to the downward movement of the maxilla after RME and tipping of posterior 
teeth, increase in the mandibular angle has been reported, which can reduce the 
overbite.126,129 Thus, these vertical changes could be unfavourable in patients with a 
long face, high mandibular plane angle and anterior openbite.118 However, these side 
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effects were found to be transient, and RME was found not to create unfavourable 
growth in the vertical dimension in the long term for most patients.  
4.4 MODE OF ACTION OF RME 
RME occurs when a laterally directed force, over the limits of tooth movement, is 
applied to the maxillary posterior teeth. RME usually takes 1 to 4 weeks with an 
expansion rate of 0.2 to 0.5mm per day. The force from a single turn of jackscrew 
was found to be approximately 3 to 10 pounds.130 Force from RME compresses the 
periodontal ligament and alveolar processes, causing tipping of upper posterior teeth. 
This mechanism leads to separation of the midpalatal suture.117,131 Tissue injury 
results in proliferation and then suture regeneration and repair.132 The separating 
palatine processes of the maxilla are found to move in a non-parallel shape.119,133 It 
was shown that the amount of suture opening depends on the individual and area of 
the suture.134 
With RME the intermolar width may increase up to 10mm and skeletal changes are 
usually about 50% of the overall changes.134 
4.5 DENTAL EFFECTS OF RME 
The conventional expanders are anchored on the posterior maxillary teeth, and 
therefore create dental effects as well as skeletal. The amount of dental versus 
skeletal expansion depends on the growth status of the patient. RME increases both 
the anterior and posterior interdental transverse widths. After a few days of 
expansion, a midline diastema forms and starts to close after a few days with the pull 
from the transseptal fibers.135 In patients with proclined maxillary incisors, this aids in 
retroclining the incisors. Baccetti et al.136 reported that when RME is used on patients 
prior to pubertal growth spurt (CS 1-3), there was greater increase in maxillary 
intermolar width, If used after the pubertal growth spurt (CS 4-6), there was still 
increase in maxillary intermolar width, but this was not as stable as the pre-pubertal 
patients. 
 
Garib et al.137 evaluated the dental effects of RME by using lateral cephalometric 
radiographs. Overjet showed significant decrease, while there were no significant 
changes in molar vertical position, incisor inclination or overbite after RME treatment.  
 
A systematic review by Lagravere et al.113 stated that in the long term maxillary 
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intermolar width could be increased from 3.7 to 4.8 mm due to crown tipping and 
maxillary intercuspid arch width increased from 2.2mm to 2.5mm with RME 
treatment. Post-pubertal patients showed more dental arch changes compared to 
pre-pubertal patients.  
4.6 SKELETAL EFFECTS OF RME 
4.6.1 MIDPALATAL SUTURAL EFFECT 
Immediate midpalatal suture changes after RME showed that mean expansion 
ranges from 2.42mm to 4mm in the anterior area, while expansions of 0.84mm to 
2.88mm were shown in the posterior area. Overall the amount of opening in the 
midpalatal suture corresponded to 12% to 52.5% of the total screw expansion during 
treatment.111,138 
4.6.2 NASAL CAVITY EFFECT  
In addition to midpalatal suture, the circummaxillary, zygomaticofrontal, 
zygomaticomaxillary, frontomazillary, zygomaticotemporal, nasomaxilary, frontonasal 
and internasal sutures were also shown to be affected by the expansion produced by 
RME. The sutures close to the maxilla present a greater amount of suture opening.139 
It was shown that RME increases the nasal cavity width, which corresponded to 17% 
to 33% of total screw expansion.111 Enoki et al.140 studied the effect of RME 
treatment on oral and/or mixed breathing, nasal airway resistance and the cross-
sectional area of the nasal cavity using acoustic rhinometry and computed 
rhinomanometry in mixed dentition patients. The authors found that even when there 
are no significant changes in the cross-sectional area of the nasal valve and the 
inferior turbinate, there was still significant reduction in the nasal resistance was 
significant. Thus, the conclusions in this study were that nasal respiration improved, 
even if the nasal geometry did not change after RME treatment.  
Babacan et al.25 evaluated the effect of RME on nasal volume using acoustic 
rhinometric methods. The authors found increased nasal volume after treatment. 
These findings are similar to those in Doruk et al.141’s study which showed a 
significant increase in nasal volume after RME treatment, using both acoustic 
rhinometry and computed tomography methods. 
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4.6.3 MAXILLOMANDIBULAR EFFECT  
Transverse increases with RME were found in latero-orbital width (measured from 
the intersection of the lateral wall of orbit and the greater wing of the sphenoid bone), 
maxillary width (measured from the junction of the maxilla and the zygomatic 
buttress), and latero-nasal width (measured at the most lateral point of the nasal 
cavity) in patients treated before puberty. However, only latero-nasal width was 
shown to have a significant increase in patients treated after puberty (CS 4-5).136 
Anterorposterior skeletal changes after RME were found to be non-significant, except 
the decrease in SNA.142 Nevertheless, Wertz and Dreskin143 found variations of point 
A range from 3 mm of forward movement to 1.5mm of backward movement after 
treatment.  
Studies investigating vertical changes of skeletal structures after RME,118,126,127 
reported inferior movement of the maxilla and an increase in mandibular plane angle, 
which led to a tendency for anterior openbite after RME treatment. However, Change 
et al.142 showed that there was a slight decrease in mandibular plane angle (-0.85°) 
in short-term, and SN-PP (0.8°) and SN-Gn (0.8°) in long-term. During the follow up 
period vertical changes were non significant. 
4.7 TREATMENT TIMING FOR RME 
Bjork and Skieller144 stated that until 13 years of age, growth of the midpalatal suture 
might be still active. Persson and Thilander145 found that the palatal suture obliterates 
in juvenile patients, however 5% was still active into the third decade of life. Many 
authors state that in both growing and young adults, midpalatal suture separation 
may be achieved.119,120,130 
Baccetti et al.136 found that before pubertal growth spurt patients at CS 1 to 3 
presented more changes of skeletal structures and long-term stability, while after 
pubertal growth spurt, in patients at CS 4 to 6, the dentoalveolar changes were 
predominant.   
Krobmacher et al.146 used micro-CT to evaluate the midpalatal suture morphology of 
14 to 71 year olds. The highest bone density was found in patients aged 25 to 30, 
while younger and older groups showed lower bone density. The mean obliteration 
index and the extent of interdigitaiton did not correlate with chronological ages. Thus, 
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the bone density of the midpalatal suture seems to be an important indication in RME 
treatment. 
5. OBSTRUCTIVE SLEEP APNEA/SLEEP DISORDERED 
BREATHING  
5.1 DEFINITION AND PATHOPHYSIOLOGY  
Sleep-related disordered breathing (SDB) describes an abnormal breathing disorder, 
which includes snoring, apnea, hypopneas, and respiratory effort related arousals 
(RERAs). SDB also includes syndromes such as obstructive sleep apnea syndrome 
(OSAS), central sleep apnea syndrome (CSA) and Cheyne-Stokes respiration 
(CSR).147 OSA has gained much attention in recent times due to the neurocognitive 
and cardiovascular sequelae. It was first described by Guilleminault147 in the 1970s 
as a disease defined by the amount of apnea and hypopneas experienced during 
sleep with systemic effects. The disease is characterised by repetitive apnea, loud 
snoring, and excessive daytime sleepiness. An apnea is defined as the cessation of 
breathing for 10 or more seconds.148 Hypopnea is the reduction of airflow where a 
total cessation is not observed.149 
There are three forms of OSA, central, obstructive and mixed. Central apnea refers 
to cessation of nasal and oral airflow with cessation of respiratory effort. Obstructive 
apnea is defined as the absence or reduction of nasal and oral airflow despite 
continuing respiratory effort. Mixed apnea has both central and obstructive 
components.148 
5.2 PREVALENCE OF OBSTRUCTIVE SLEEP APNEA 
SYNDROME  
The prevalence of snoring ranges from 3% to 35% in young children150, while 2% to 
3.5% presented also with OSA.150,151 
In Korean adolescents aged between 15 to 18 years, snoring and OSA was reported 
to be 11.2% and 0.9% respectively,152 with snoring being more prevalent in boys than 
girls (12.4% vs. 8.5% respectively). 
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	  	  
	  	  	   21	  
The prevalence in adults ranges from 3% to 28% in mild severity, and from 1% to 
14% in moderate severity.153 
In Australia, in 2010, the prevalence of sleep disorders was estimated to be 1.5 
million (8.9% of Australians, consisting of around 4.7%with OSA, 3% with primary 
insomnia and 1.2% with restless legs syndrome).154 
5.3 AETIOLOGY OF PAEDIATRIC OBSTRUCTIVE SLEEP 
APNEA SYNDROME  
5.3.1 RISK FACTORS   
In children, adenotonsillar hypertrophy, allergies and asthma, obesity, and 
craniofacial abnormalities are the main causes of SDB.155,156 Adenoid hypertrophy is 
the predominant risk factor for OSA in children.155 This can arise between the age of 
2 and 8 due to enlarged adenoid and tonsils in relation to the upper airway size. 
During the pubertal growth spurt, weight gain was also found to have an influence on 
the development of SDB.157 Reduction of 10% in body mass was shown to improve 
25% of SDB.153 Studies done on children with SDB also identified certain craniofacial 
traits as outlined below.158,159 
5.3.2 ANATOMIC CONSIDERATIONS  
The pathophysiology of OSA is closely related to the anatomy of the upper airway, 
with features such as increased resistance and collapsibility of muscles of the upper 
airway. Narrowing of the upper airway frequently occurs at the level of soft palate 
and the base of the tongue.160 
A constricted maxilla has been reported as a predisposing factor for SDB161, and 
after maxillary expansion, increase in airway dimensions and decrease in nasal 
airway resistance have been found.162,163 
Increased obesity and neck size, a forward and extended head posture, as well as 
increased soft palate and tongue dimensions, a small nasopharyngeal cross 
sectional area, a lower hyoid position, a smaller and retrognathic mandible, together 
with an overall reduction in sagittal craniofacial dimensions were reported to be 
predictors for OSA.160 A retropositioned maxilla as well as the mandible were also 
hypothesized as factors for pharyngeal airway reduction due to the more posterior 
position of the tongue.158,159 Maxillary and mandibular retrognathism is not only 
associated with SDB but also related to Class II malocclusion.  
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5.4 DIAGNOSIS  
From a medical perspective, during a routine health check up, suspected OSA 
patients are questioned on sleep history such as snoring, witnessed apneas, 
gasping/choking episodes, excessive day sleepiness, headaches in the morning and 
sleep fragmentation/insomnia. Patients with signs of upper airway narrowing, obesity, 
increased neck circumference, elongated/enlarged uvula or high arched/narrow hard 
palate, may be at risk of OSA.164 
Patients suspected to have OSA undergo a laboratory PSG, as this is the gold 
standard in the diagnosis of sleep related breathing disorders.165 The apnea-
hypopnea index (AHI) is the number of apneas plus hypopneas per hour of sleep. 
Another diagnostic method for OSA is the respiratory disturbance index (RDI).  This 
parameter includes the total number of apneas, hypopneas and RERAs per hour of 
sleep.147  
5.5 TREATMENT OF PAEDIATRIC OBSTRUCTIVE SLEEP 
APNEA 
5.5.1 INTRODUCTION 
There are many treatments option for snoring and OSA, such as weight loss, nasal 
continuous positive airway pressure (CPAP), mandibular advancement splint (MAS), 
maxillary expansion and other extensive surgical treatments.160 
5.5.2 NASAL CONTINUOUS POSITIVE AIRWAY PRESSURE (CPAP) 
CPAP, which was introduced by Sullivan et al.,166 is the gold standard in OSA 
treatment. Improvements in OSA symptoms have been attributed to prevention of 
pharyngeal airway collapse.167-169 CPAP can be used for the whole range of OSA 
severities.170 However, the associated disadvantages of CPAP, such as dryness in 
the nasal area, nose bridge soreness, increased tossing and turning, disruption of 
sleep, discomfort from the mask, drooling and less intimacy with bed partner creates 
problems with compliance.171 Therefore other means of management of OSA has 
been the interest of both medical and dental professions. 
5.5.3 NASAL DECONGESTANTS 
Nasal mucosal congestion obstructs the airway, and may even block the efficiency of 
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CPAP treatment.172 Thus, pharmacological agents such as steroids and oral non-
sedating antihistamines are used to decrease nasal congestion.173,174 
5.5.4 SURGERY – ADENOIDTONSILLECTOMY 
Removal of enlarged tonsils and/or adenoids are the first line of treatment in children 
with symptoms of SDB. Adenoid-tonsillectomy (A&T) had been reported to improve 
both sleep respiratory parameters and quality of life.175 However, treatment outcomes 
are not always satisfactory especially in cases with obesity.176,177 In addition, the 
surgical risk and cost should be taken into consideration. Furthermore even in normal 
BMI children, A&T sometimes is not enough and other means of treatment are also 
considered such as orthodontic interventions. 
5.5.5 RAPID MAXILLARY EXPANSION 
RME is claimed to reduce OSA symptoms in children and adolescents, as the 
constriction of maxillary arches is a feature of chronic nasorespiratory 
obstruction.178,179 Many studies179-181 reported improvements in AHI, and in clinical 
signs of breathing disorders in children after RME treatment.  
An increase in nasal cavity floor area adjacent to the midpalatal suture, and lateral 
movement of the outer walls of the nasal cavity after RME treatment,119,182 increases 
the capacity of nasal cavity24 and decreases the nasal airway resistance.183 
Palaisa et al.184 studied the anatomical changes in the nasal cavity after RME with 
conventional tomography on 19 children aged 8-15 years and followed up with the 
patients after 3 months. They found the anterior nasal cavity area to increase by 
11.7% immediately after treatment, by 22.2% at the 3 month follow up, and an 35.7% 
overall increase. Middle and posterior nasal cavity areas also showed a similar 
increase, while the left and right sides of nasal cavity showed no significant change.  
Katyal et al.161 evaluated the effects of RME in a prospective case-control study of 81 
patients with sleep disordered breathing, aged of 8-17 years, using sleep 
questionnaires, clinical examinations, cephalometric measurements and dental cast 
analyses. It was shown that 9 months after RME treatment patients had a better 
quality of life.  
Pirelli et al.181 evaluated the effect of RME in 42 children (average age 7.3 years) 
with OSA for 6-12 months. The results from PSG showed improvement of nasal 
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airflow after RME treatment. Nasal fossa width and maxillary intermolar width were 
also increased.  
Cistulli et al.178 investigated the effect of RME on 10 young adults aged 14-37 years 
with mild to moderate OSA and maxillary constriction problems. Approximately 6 
months after treatment, AHI showed significant reduction. The authors suggested 
that RME might be one of the treatment options in OSA patients, improving nasal 
airflow and reducing pharyngeal airway collapse.  
Villa et al.180 assessed the effects of RME on 16 children with a mean age of 6.6 
year. Twelve months after treatment the results from PSG showed reduction in AHI, 
hypopnea obstructive and arousal index. In addition, the results from questionnaires 
showed significant improvement in the clinical signs of OSA.  
The literature review by Kilic and Oktay185 concluded that although there are studies 
showing that RME in growing children was effective in improving nasorespiratory and 
OSA problems in the pre- and peak- pubertal growth spurt, these were low-level 
evidence.  
5.5.6 MANDIBULAR ADVANCEMENT SPLINT AND FUNCTIONAL APPLIANCES 
The mandibular advancement splint (MAS) is an oral device worn during sleep by 
OSA patients to enlarge the upper airway and/or decrease the upper airway 
collapsibility by keeping the mandible and the tongue base forward.186 Patients with 
mild to moderate OSA symptoms or patients who are intolerant to CPAP are 
suggested to use MAS.187 
The forward and downward movement of the mandible with MAS increases the 
superior airway space between the soft palate and posterior nasopharynx as well as 
the posterior airway space between the base of the tongue and posterior 
oropharynx.188-190 Johnson et al.191 reported a 56% increase of posterior airway 
space with protrusion of the mandible with MAS in situ in patients with OSA.  
Most studies23,192-194 investigating the effect of MAS in patients with OSA have shown 
improvement in AHI with treatment. MAS is used in adults and has to be worn every 
night, similar to CPAP, as long as patients want improvements in their symptoms. In 
growing children the same effects are created using functional appliances, with the 
added benefit of improving maxillomandibular relationships. 
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Zhane et al.192 studied the effects of twin block appliance on children with 
retrognathic mandible and OSA. The results from PSG showed that the AHI 
significantly decreased and the lowest SaO2 increased. Cepholometric analyses 
showed increases in the superior, posterior, and middle airway space, in conjunction 
with an increase in SNB, an improvement in facial convexity, and a reduction in soft 
palate length.  
Schutz et al.23 evaluated the effect of RME and Herbst in 16 children with 
retrognathic mandible and OSA during the period of pubertal peak (mean age 12.6 
years). The results from PSG and magnetic resonance imaging (MRI) showed 
reduction in RERAs and RDI due to an increase in airway volume. Cephalometric 
measurements showed increased mandibular length, increased posterior airway 
space, and anterior movement of hyoid bone.  
Cozza et al.193 investigated the effect of modified RME with modified monobloc (MM) 
in 20 OSA, retrognathic mandible children (mean age 5.91 years, treatment time 6 
months). After treatment the PSG results showed significant reduction in AHI. 
Moreover, MM had a significant positive effect in the reduction of daytime sleepiness 
and there was a subjective improvement in the quality of sleep. 
Villa et al.194 evaluated the effect of acrylic bite plates for mandibular advancement in 
32 OSA children (mean age 7.1 years, treatment time 6 months) in a RCT study. 
Treated patients showed significant reduction of AHI and improvement of respiratory 
symptoms compared with untreated control patients, with some of them having 
resolved the main respiratory symptoms.  
6. CONE BEAM COMPUTED TOMOGRAPHY AIRWAY 
ASSESMENT  
6.1 INTRODUCTION  
Cone beam computed tomography (CBCT) offers the ability to diagnose and plan 
treatment in three planes of space.195,196 In orthodontic diagnosis CBCT also provides 
information on airway volume, which is not possible with conventional lateral 
cephalometric radiographs.27 
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6.2 METHODS OF ASSESSING THE AIRWAYS  
Identification of the location of obstruction of the airway in OSA subjects provides 
valuable information to the treating clinician in planning treatment. In the past, two-
dimensional (2D) cephalometric images were used to detect the anatomical limits of 
the airway. However, 2D images give poor representation of airway anatomy.27 To 
overcome this, other methods, such as MRI, conventional computed tomography 
(CT), rhinomanometry (RMN), acoustic rhinometry (AR) and CBCT have also been 
utilized. 
MRI is a non-invasive technique and can evaluate the upper airway volume of 
patients while awake or sleeping.197,198 MRI can provide cross-sectional images and 
detect the narrowest area of the airway. 3D images, produced by MRI, show greater 
precision compared with CT images.198,199 No radiation exposure is another benefit of 
MRI. Cost, motion artefacts from breathing and swallowing, uncomfortable sleep 
during procedure, and the small size of the MRI scanner (for very obese patients) are 
the reported disadvantages.198  
CT scanning can also be used to evaluate the upper airway volume of both awake 
and sleeping patients in supine position.200,201 CT images provide the sagittal and/or 
cross-sectional images of retropalatal and retrolingual areas of the upper airway. The 
main disadvantages are the high cost and the radiation dose.202 
RMN recording can provide information on the respiratory rhythm, airflow rate, and 
flow pressure when breathing.203 AR, flextube reflectometry, technique uses 
reflection of the sound in a flexible tube, which is placed in the nose, pharynx or 
esophagus during sleep to determine the upper airway reduction.204 
CBCT is a cone-shaped X-ray beam with a 2D detector system, which produces a 
series of 2D images by rotating around the object.205 To visualise CBCT images, data 
need to be converted to a Digital imaging and communications in medicine (DICOM) 
format and then reconstructed into 3D images, and viewed with specific software. 
This software also allows measuring and segmentation of the airway in 3 
dimensions.206,207 CBCT images provide good geometric accuracy, sufficient image 
quality for diagnostic needs. Other benefits include the short scan time and lower 
radiation dose compared to conventional computerised tomography.205 
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6.3 ACCURACY AND RELIABILITY OF CBCT AIRWAY 
ANALYSIS 
6.3.1 CBCT IMAGE ACQUISITION   
Sutthiprapaporn et al.208 evaluated the response of the oropharyngeal airway, in the 
upright and supine positions, using CBCT and multidetector helical CT (MDCT) 
respectively. The results showed that changing from supine to sitting position could 
produce caudal and posterior movement of the soft palate, epiglottis and entrance of 
the oesophagus. However, while the body of the hyoid bone moved caudally from 
supine to upright, it did not move posteriorly when moving from upright to supine 
position. In the upright position, the smallest cross sectional area at the soft palate 
level was greater than in supine position. The results concluded that gravitational 
changes occur in the oropharyngeal structures between supine and upright positions.  
In addition, Muto et al.209 found strong correlation between the cranio-cervical 
inclination and pharyngeal airway volume. More precisely, an increment of 10° in 
cranio-cervical inclination in the second vertebrae (OPT) or an increase of 10mm in 
the distance between the third cervical vertebrae and the Menton (C3Me) produced a 
4 mm change in the pharyngeal airway space.  
The quality of CBCT imaging is affected by many factors including the scanning unit, 
field of view (FOV), examined object, examination time, tube voltage and amperage, 
and voxel size (spatial resolution).210  
The voxel size of 3D images is similar to the pixel size in 2D images. The voxel size 
is described by its height, width and depth. Smaller voxel sizes lead to sharper 
images and higher radiation doses.210  
However, there is not enough evidence to prove that small voxel size provides more 
accurate diagnosis than large voxel size. Need for accuracy is dependent on the 
object and the area of observation. Viewing an impacted canine does not require a 
small voxel size, as a large and dense object such as a tooth, can be easily viewed. 
However, quantifying root resorption or identifying canals within a tooth requires a 
small voxel size.211 In regards to the airways, small voxel sizes may lead to more 
accurate measurements and comparisons for research purposes. However, it may 
not be relevant in a clinical setting where visual qualitative observations are usually 
made. 
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7. RELATIONSHIP BETWEEN UPPER AIRWAY 
VOLUME AND OBSTRUCTIVE SLEEP APNEA  
7.1 INTRODUCTION 
There is limited evidence to support the relationship between upper airway volume 
and OSA. Arens et al.212 used MRI in 18 young children with moderate OSAS, as 
assessed with PSG, and found that the volume of the upper airway was smaller in 
subjects with OSAS than in control subjects. The volume of the tongue and mandible 
were similar between the OSAS subjects and controls. However, the OSAS subjects 
had larger adenoids, tonsils and soft palate surface area. In this study the patients 
were examined while under sedation, which may not replicate the conditions of 
unsedated sleep.  
Ogawa et al.213 compared CBCT airway volumes between 10 OSA patients and 10 
control patients and found that OSA patients presented with a concave or elliptical 
airway and smaller airway dimensions. However, though the OSA patients had 
higher body mass index (BMI) than control patients, there was no difference in 
airway volume between the groups, and there was no significant correlation between 
BMI and airway volume. 
The differing results from the two articles above could be due to their limited sample 
size. It could be also be due to the fact that the narrowest point of contraction is more 
important in regards to airflow than the total airway volume. 
7.2 AIRWAY CHANGES WITH THE HERBST APPLIANCE  
A narrow upper airway, in combination with other aetiological factors may lead to 
OSA. It was shown that when the mandible was protruded to the maximal forward 
position under general anaesthesia, the retropalatal airway and the area at the base 
of the tongue were widened, while obstruction of the airway was reduced.186 Thus, it 
was hypothesized by some authors that the Herbst appliance, which enhances 
forward movement of the mandible, might reduce airway obstruction in the 
pharyngeal airway by anterior mandibular displacement and reverse obstruction in 
the upper airway.186  
Schutz et al.23 reported that after 12 months of Herbst and RME treatment in 16 
growing Class II patients (mean age 12.6 years) the results from MRI demonstrated 
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an increase in the volumes of the nasopharynx, oropharynx, hypopharynx and total 
airway volume. In addition, the PSG demonstrated improvement in respiratory 
function in these patients.  
Iwasaki et al.214 studied the effect of pharyngeal airway changes after Herbst 
treatment in 24 growing Class II patients (mean age 11.6 years) using CBCT. The 
mean treatment duration was 12 months. Oropharyngeal and laryngopharyngeal 
airway volume increased after treatment compared to Class I controls.  
Li et al.17 evaluated the upper airway changes after TB treatment in 30 growing Class 
II patients (mean age 11.5 years) using CBCT. The mean treatment duration was 13 
months. The results showed that the treated group responded to TB with 
enlargement of the oropharynx and the hypopharynx, and forward movement of the 
hyoid bone compared to untreated Class II patients.  
7.3 AIRWAY CHANGES WITH MAXILLARY EXPANSION  
Maxillary constriction is considered one of the risk factors for the development of 
OSA. In the constricted maxillary arch the tongue may stay in a retroposition, which 
in turn may cause narrowing of the orophayngeal area.215 RME has been suggested 
as a treatment alternative for OSA.159  
Smith et al.24 evaluated airway changes after 3 months of RME treatment in 20 
patients between the ages of 8 and 15 years using CBCT. Increases in nasal cavity 
and nasopharynx airway volume were found. There were also increases of anterior 
and posterior facial heights, and palatal and mandibular planes after treatment.  
Gorgulu et al.216 evaluated the changes to nasal cavity after 6 months of RME 
treatment in 15 patients (mean age 13.9 years) using CBCT. Significant increases in 
nasal cavity volume, internasal base width, and intermaxillary premolar and molar 
width were noted.  
Ribeiro et al.217 examined the changes of airway after 4 months of RME treatment 
using CBCT. The results showed an increase in transversal measurements in nasal 
cavity areas and oropharyx volume. Nasopharyx airway volume showed no 
significant changes. 
Buccheri et al.218 evaluated the effect of RME in 24 children aged between 5 to 9 
years old with adenotonsillar hypertrophy using lateral cephalometry. The authors 
reported an increase in pharyngeal airway dimension after RME treatment, which 
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also improved also nasal airway respiration. However, there was no significant 
reduction in volume of adenoid tissue.  
Langer et al.219 investigated the effect of RME on nasopharygeal airway space and 
its relation to nasal airway resistance in 25 mouth-breathing children from 7 to 10 
years old using nasoendoscopy and cephalometry. The examination periods were 
immediately after removing RME, and at 30-month follow-up. The results showed 
that there were no significant changes in nasopharyngeal area after 90 days of 
treatment, but the area increased after 30 months, while nasal resistance decreased 
after treatment. The authors concluded that nasopharyngeal area and nasal airway 
resistance were not significantly influenced by RME in the long term, and the 
differences that were observed 30 months after RME could be attributed to growth 
rather than the RME effect.  
Zhao et al.215, in a study using CBCT, found that after approximately 15 months of 
RME treatment in 24 growing patients (mean age 12.8 years) there was no 
significant difference in the oropharyngeal airway volume between RME and control 
groups. These differing results may be due to different areas examined. It seems that 
RME can increase nasal airway volume, but has little or no effect on the oropharynx 
or other parts of the upper airway volume. 
In a recent systematic review and meta-analysis on the volumetric changes of airway 
after RME, it was reported that patients treated with RME showed a significant 
volume increase post-expansion, which did not seem to considerably diminish after 
the retention period. The authors have judged the overall quality of evidence as very 
low though, due to methodological limitations of the included studies, absence of 
untreated control groups, and inconsistency among studies.220 
 
Although some studies have reported increases in structures related to the upper 
airway area after RME treatment, the effects of RME on airway volume are still 
controversial.   
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ABSTRACT 
Aim: The aim of this study was to compare the changes in dento-skeletal structures, 
soft tissue relationships and airway volume between Class II patients treated with 
Herbst and RME, Class I patients treated with RME, and Class I patients treated with 
full fixed appliances during different stages of growth.  
Method: CBCT records taken before (T1) and after (T2) treatment of 32 Class II 
subjects (ANB>4o; 10 boys; 22 girls; mean age 12.6 years) treated with Herbst and 
RME therapy with full fixed appliances (HRF), 20 Class I subjects (0o≤ANB≤4o; 7 
boys; 13 girls; mean age 13.6 years) who were treated with RME and full fixed 
appliances (RF), and 24 Class I control (0o≤ANB≤4o; 10 boys; 14 girls; mean age 
13.9 years) who received only full fixed appliances (FF) were included. Patients were 
further grouped according to their pubertal growth stages. Cephalometric 
measurements and airway volumes of nasal cavity and maxillary sinuses (NC-MS), 
nasopharynx (NP), and oropharynx (OP) were compared between groups.  
Results: At T2, HRF had significant airway volume increase in nasal cavity and 
maxillary sinuses (NC-MS), nasopharynx (NP), oropharynx (OP) and total airway 
volumes (P<0.001). Maxillary base (A-OLp), mandibular base (Pg-OLp), mandibular 
length (Co-Gn), interjugale and intermolar widths were also increased after HRF 
treatment. RF showed significant increases only in NP and OP (P<0.05). There was 
a significant increase in maxillary base (A-OLp), interjugale and intermolar widths in 
the RF group. The increase from T2-T1 of NP and total airway volume in the HRF 
group was significantly greater than in the FF group (P<0.05).  
Conclusion: Herbst with RME corrected the dental, skeletal and soft tissue 
discrepancies in Class II patients and increased the nasal cavity, nasopharynx, 
oropharynx and total airway volumes. RME corrected maxillary dental and skeletal 
constriction and increased nasopharynx and oropharynx airway volumes. In both 
groups almost all of the significant changes were found during peak pubertal growth 
spurt. 
 
Keywords: Herbst, rapid maxillary expansion (RME), Class II, Class I, airway volume, 
nasal cavity, nasopharynx, oropharynx, CBCT	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INTRODUCTION 
A retrognathic mandible is the most common characteristic of a skeletal Class II 
malocclusion.1,2 The etiology of Class II malocclusion is multifactorial, with both 
genetic and environmental factors playing a major role.3  
 
It is well established that Class II malocclusion is a risk factor for sleep disordered 
breathing (SDB) and obstructive sleep apnea (OSA), as the retrognathic mandible is 
reported to be one of the causes of airway volume reduction.4-8 The treatment goal in 
skeletal Class II patients with mandibular retrognathia is to enhance mandibular 
growth and position. In growing patients, treatment with functional appliances has 
been shown to be effective in correcting Class II malocclusion by improving 
mandibular projection.9-12 The effect of functional appliances on mandibular length 
increase has been one of the most controversial topics in orthodontics, as some 
studies have indicated that there is no supplementary mandibular length increase 
with functional appliances13,14 while others have shown an increase in mandibular 
length.15-20 It should be noted, however, that the described effects of functional 
appliances include reduction in the horizontal growth of the maxilla and vertical 
growth of the posterior dentoalveolus, distal movement of maxillary dentition, mesial 
movement of mandibular dentition, changes in glenoid fossa and condylar growth 
directions, change in ramal form and increase in mandibular length.21 
 
There are many studies investigating the effects of Herbst appliance on skeletal, 
dental and soft tissues.22-27 It was shown to be one of the most effective appliances in 
the correction of Class II skeletal and dental imbalance.5 Class II malocclusion with a 
retrognathic mandible, accompanied by severe constriction of the maxilla with 
reduced intercanine and intermolar width,28  have been associated with OSA.29 There 
is also evidence that the upper airway dimensions can be enlarged with functional 
appliance treatment.6,8,30 Rapid maxillary expansion (RME) has been traditionally 
used to correct skeletal maxillary constriction, and it can be used prior to, or in 
conjunction with Herbst treatment, in order to improve maxillomandibular transverse 
relationships, and facilitate favorable arch co-ordination.31 RME has been reported to 
increase nasal airway volume and reduce nasal airway resistance (NAR).32,33 During 
RME treatment, the midpalatal suture opens and the maxillary halves are 
separated.34,35 A reduction in apnea hypopnea index (AHI) and clinical symptoms 
were noted in OSA patients who received RME treatment 36,37 and also in cases with 
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RME treatment was combined with adenotonsillectomy.38 
 
A recent study indicated that Herbst treatment could increase the volume of the 
oropharyngeal airway in Class II patients.30 An MRI study also showed that Herbst 
with RME led to increased volume of the nasal cavity, nasopharynx and oropharynx 
and improved skeletal relationships.39 RME alone was also shown to increase nasal 
cavity and nasopharynx volumes, and reduce the constriction of the maxillary 
arch.32,40,41  
 
Studies investigating the effects of the Herbst appliance on airway changes are 
limited, and there are no studies that have investigated the differential effects of 
Herbst and RME on airway structures at different stages of growth. Therefore this 
study aims to compare the changes in skeletal structures and airway volume in Class 
II patients treated with Herbst and RME in comparison with Class I patients treated 
with RME, and Class I patients treated with full fixed appliances, during different 
stages of growth.  
 
MATERIAL AND METHODS  
PATIENT SELECTION AND CBCT IMAGE 
CBCT images (i-CAT scanner, Hatfield, Pa) of 76 patients who received treatment at 
a private orthodontic clinic in Geelong, Australia, treated solely by one orthodontist 
(PB) were included in this study. The scanner was set at the following settings: 5.0 
mA, 120 kV with a voxel size of 0.3 mm. This retrospective study was approved by 
the ethics committee of the University of Sydney, Australia (2015/283). 
 
Selection criteria:  
Group 1, Herbst/RME/full fixed appliance Class II (HRF) 
1. Skeletal Class II (ANB angle of 4° or greater)  
2. Had treatment with Herbst, RME, and full fixed appliances  
3. No previous orthodontic treatment  
4. CBCT taken before Herbst and RME treatment (T1) and after full fixed 
appliance treatment (T2). 
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Group 2, RME/full fixed appliance Class I (RF) 
1. Skeletal Class I (ANB angle of 0° to 4°) 
2. Had treatment with both RME and full fixed appliances 
3. No previous orthodontic treatment  
4. CBCT taken before RME treatment (T1) and after full fixed appliance 
treatment (T2) 
 
Group 3, full fixed appliance Class I (FF), (control)  
1. Skeletal Class I (ANB angle of 0° to 4°) 
2. Had treatment with full fixed appliances  
3. No previous orthodontic treatment  
4. CBCT taken before (T1) and after full fixed appliance treatment (T2) 
 
The patients in all 3 groups were matched according to their skeletal maturation 
stages. The patients in each group were then subdivided according to their cervical 
vertebral maturation stages (CVM): CS1-2, CS 3-4 and CS 5-6. 
 
STUDY GROUPS (Tables 1 and 2) 
Group 1: HRF 
This group consisted of 32 subjects (22 girls, 10 boys).  
CS 1-2 had 4 patients: 1 girl and 3 boys with mean age of 11 years 8 
months. 
CS 3-4 had 22 patients: 15 girls and 7 boys with mean age of 12 
years 8 months. 
CS 5-6 had 6 girls with mean age of 13 years 3 months. 
Group 2: RF  
This group consisted of 20 subjects (13 girls, 7 boys). 
CS 1-2 had 1 boy with mean age of 10 years 5 months.  
CS 3-4 had 12 patients: 8 girls and 4 boys with mean age of 13 years 
1 month.  
CS 5-6 had 7 patients: 5 girls and 2 boys with mean age of 15 years 1 
month.  
Group 3: FF 
This group consisted of 24 subjects (14 girls, 10 boys) 
CS 1-2 had 5 boys with mean age of 12 years 7 months.  
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CS 3-4 had 12 patients: 8 girls and 4 boys with mean age of 13 years 
4 months.  
CS 5-6 had 7 patients: 5 girls and 2 boys with mean age of 15 years 6 
months.  
 
CBCT IMAGING ANALYSIS   
The CBCT images were transferred into Dolphin (Version 11.5, Dolphin Imaging, 
Chatsworth, California) software in DICOM format. To standardize the 
measurements, the 3D images were reoriented using FH plane (axial view) and 
skeletal midline of the face (sagittal view) as references (Figure 1). 2D lateral 
cephalometric images were constructed from CBCT data to assess skeletal 
maturation using the cervical spine (CVM stage) and for cephalometric analysis. 
 
The cephalograms were digitally analysed using classic linear and angular 
measurements (Figures 2 and 3). 
 
Transverse maxillary dentoalveolar and skeletal widths measured on a 3D model 
were as follows: (Figures 4 and 5) 
1. Maxillary intermolar width 
2. Interjugale width (maxillary skeletal base width) 
 
Pancherz analysis was performed using occlusal line (OL), defined by the incisal tip 
of the most prominent maxillary central incisor and the mesiobuccal cusp tip of the 
first maxillary molar of T1 models, and the OLp the perpendicular line from OL 
through the tangent point of the anterior wall of the sella turcica at T1. The OLp was 
used as a reference line for sagittal linear measurements. The OL and OLp from T1 
images were transferred to T2 images by cranial base superimposition on the 
anterior cranial base (Figures 6, 7 and 8). 
Superimposition of images was carried out using the Superimposition function on 
Dolphin. This function allows the user to superimpose two 3D skulls automatically by 
setting three reference points or manually by aligning the anterior cranial base of the 
two skulls. Once the skulls were aligned, measurements were generated in the 
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“Analysis/Verify Result” tab. Both automatic and manual techniques were used in the 
study.  
Pancherz analyses on the 3D images were as follows: (Figures 9 and 10) 
1. Overjet correction (is-OLp, ii-OLp) 
2. Molar correction (ms-OLp, mi-OLp) 
3. Changes in the maxilla (ss-OLp) 
4. Changes in the mandible (pg-OLp) 
5. Changes in the hyoid bone (Hyoid-OLp)  
6. Changes in soft tissue profile  
 
Airway volumetric data was investigated in three areas, as per the borders displayed 
in Table 3 (Figures 11, 12 and 13):  
1. Nasal cavity and maxillary sinuses (NC-MS) 
2. Nasopharynx (NC) 
3. Oropharynx (OP) 
 
STATISTICAL ANALYSIS   
The statistical analysis was performed using SPSS (version 22.0, IBM-SPSS, 
Chicago, IL, USA). After checking the normality of the data using the Shapiro–Wilk 
test, parametric tests were used for analyses. 
 
Method error 
Method errors were calculated using Dahlberg formula (√(∑d2/2n), and computed 
from double registration of 1,579 traced data points (1007 angular and 572 linear 
measurements), 710 points of linear measurement in 3D images, and 144 volumetric 
values from 24 patients. The method errors was 0.97° and 0.8 mm for angular and 
linear 2D cephalometric measurements respectively. In 3D images the method error 
were 0.73 mm for linear and 111 mm3 for volumetric airway measurements.  
ANOVA tests at T1: To demonstrate initial similarity of HRF, RF and FF for future 
comparisons, ANOVA tests were performed on all parameters at T1 (Tables 4-6).  
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Paired t-tests: Paired t-tests were used to identify significant changes within groups 
from T1 to T2 (Tables 7-15). 
Welsh’s t-tests at T2-T1, 2 pairs: Welsh’s t-tests were used to compare the pre- and 
post-treatment changes between groups (T2-T1). Comparison was done for 3 pairs, 
HRF and RF groups, HRF and FF groups, and RF and FF groups (Tables 16-22). 
Pearson Correlation: Pearson correlations were performed between skeletal 
measurements and airway measurements at T1, T2 and T2-T1 in HRF, RF and FF 
groups (Tables 23-25).  
 
RESULTS  
1) T1: Descriptive statistics of chronological age, CVM stage, and treatment 
durations between 3 groups are shown in Table 2. ANOVA tests of skeletal, dental, 
soft tissue and airway measurements at T1 between Herbst/RME/full fixed appliance 
Class II (HRF), RME/full fixed appliance Class I (RF) and full fixed appliance Class I 
(FF) groups are shown in Tables 4-6 according to CVM stages.  
 
CS 1-2 (Table 4): There were statistically significant differences between the 
groups only for the ANB angle (HRF 7.1°, RF 2.2°, FF 2.5°; P<0.01), overjet 
(HRF 8.6mm, RF 3.1mm, FF 2.5mm; P<0.05) and L1-APo (HRF -0.3mm, RF 
1mm, FF 2.3mm; P<0.05). There were no significant differences in the airway 
volumes in between groups before treatment. 
CS 3-4 (Table 5): There were significant differences among 3 groups in the 
following cephalometric measurements: ANB (P=0.001), overbite (P=0.001), 
overjet (P=0.001), upper and lower incisor proclinations and protrusions and 
mandibular retrusion (Pog’-SnV) all showing increased values for the HRF 
group except for the lower incisor protrusion. Transversally there were 
significant differences in interjugale width  (HRF 60.0mm, RF 56.3mm, FF 
60.3mm; P<0.05) and maxillary intermolar width  (HRF 45.1mm, RF 42.4mm, 
FF 46.3mm; P<0.01) between the groups; the RF group showed smaller values 
compared to the other groups. There were no significant differences in the 
airway volumes in between groups before treatment. 
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CS 5-6 (Table 6): Similarly ANB, SNB, overbite and overjet, mandibular 
deficiency measurements all showed a class II pattern of increased deviation in 
the HRF sample. In the transverse, maxillary intermolar width showed 
significant differences in HRF 43.62mm, RF 41.89mm and FF 46.75mm, 
P<0.01. There were no significant differences in the airway volumes in between 
groups before treatment. 
 
2) T2-T1 changes within the each group 
• HRF group changes before and after treatment are shown in Tables 7-9. 
o CS 1-2 (Table 7): The reductions in ANB angle (-2.5°, p<0.05) and 
overjet were significant (-5.7 mm, P<0.05) as well as the upper lip 
(Upper Lip-S Line= -2.9 mm; P<0.01). Go-Me and Co-Gn distances 
have increased significantly 9.4 mm and 10.9 mm, p<0.05) and the 
lower incisors have moved mesially (L1-APo= 3.1mm, P<0.05). The 
transverse maxillary measurements for the interjugale width and 
intermolar width increased significantly (4.0mm, P<0.01 and 2.7mm, 
P<0.05 respectively). Airway volume measurements showed 
significant increases for NC-MS and total airway (11126.1mm3, 
P<0.001 and 15464.5mm3, P<0.01) respectively). 
 
o CS 3-4 (Table 8): The mandibular lengths had increased significantly  
(Co-Go 4.9mm, Go-Me 4.8mm, Co-Gn 6.9mm; P<0.001) and there 
were significant reductions in the SNA and ANB angles, overbite and 
overjet (SNA -1.4°, P<0.01 and ANB -1.3°, overbite -2.7mm, overjet -
5.0 mm; P<0.001). Pancherz measurements showed significant 
forward movement of the pogonion (pg-OLp 2.9mm, P<0.05) as well 
as the soft tissue chin (Pog'-OLp 2.1mm; P<0.01). Transversally both 
the interjugale width and maxillary intermolar width showed significant 
increases, by 2.5mm (P<0.001) and 2.1mm (P<0.001). All regions of 
the airway showed significant increases (NC-MS by 9415.2mm3, NP 
by 2307.3mm3, OP by 5328.1mm3 and total airway volume by 
17050.6mm3 (all P<0.001). 
: 
o CS 5-6 (Table 9): None of the antero-posterior angular skeletal 
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measurements had any significant change although the mandibular 
lengths (Co-Go 3.5mm, P<0.01; Go-Me 2.1mm, P<0.05; Co-Gn 4mm, 
P<0.05) and lower anterior face height (ANS-Me 4.7mm; P<0.01) 
increased. There were significant movement of the lower incisors (L1-
MP 11.7°, P<0.01 and L1-APo 3.2mm, P<0.001; ii-OLp 3.4mm, 
P<0.001) which contributed to the significant reductions in overbite (-
3.6mm, P<0.01 and overjet (-5.2mm, P<0.01). Transversally both 
interjugale width and maxillary intermolar width were increase after 
treatment by 1.5mm (P=0.013, P<0.05) and 1.8mm (P=0.008, P<0.01) 
respectively. There were significant increases in airway at the NP 
(2543.9mm3, P<0.05) and OP (5367.7mm3, P<0.05). 
 
• RF Group: before and after treatment changes are shown in tables 10-12 for 
CS stages 1-2 (n=1 patient), 3-4, 5-6. 
o CS 3-4 (Table 11): The ANB angle and mandibular plane angles 
increased mildly (P<0.05) and there was mild reduction in the SNB 
angle (NS). The transverse maxillary measurements for the interjugale 
width and intermolar width increased significantly (3.1mm and 3.5mm; 
P=0.001, P<0.001). Airway volume measurements showed significant 
changes for NP and OP were increase by 1577.5mm3 (P=0.016, 
P<0.05) and 4687.0mm (P=0.039, P<0.05) respectively. 
 
o CS 5-6 (Table 12): The ANB angle similar to CS 3-4 reduced mildly 
due to a mild reduction in SNB angle (NS) and increase in mandibular 
plane angle MP-SN (NS). There were significant increases in 
interjugale width (1.9mm; P=0.007, P<0.01) and maxillary intermolar 
width (3.8mm; P=0.009, P<0.01). In terms of airway changes only the 
increase in NP was significant (1893.92mm3, P<0.05). 
 
• FF Group: before and after treatment changes are shown in tables 13-15 for 
CS stages 1-2, 3-4, 5-6. 
 
o CS 1-2 (Table 13): There were significant increases in the length of 
the cranial base S-N, maxillary lengths Co-A and ANS-PNS and 
mandibular unit lengths (P<0.05). No significant changes were 
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observed in the transverse measurements nor the airway changes. 
 
§ CS 3-4 (Table 14): The maxillary (Co-A 1.7mm, P<0.05) and 
mandibular unit lengths Co-Go (3.2mm, P<0.01), Go-Me (2.4mm, 
P<0.01) and Co-Gn (4.4mm, P<0.001) all increased significantly as 
well as the anterior movement of the upper and lower dentitions. 
Transversally only the interjugale width increased by 0.7mm (P<0.01). 
Airway volumes increased significantly in the NC-MS (8240.5mm3, 
P<0.001), NP (1997.1mm3, P<0.001) and also there was significant 
increase in the total airway volume (12942.6mm3, P<0.01) 
 
o CS 5-6 (Table 15): The only significant changes were in the lower 
anterior facial height (ANS-Me=1.8mm, P<0.05) mandibular length 
(Co-Go=1.9mm, P<0.001), Ar-Go-Me decrease by -1.2°, P<0.001 and 
only significant airway increase in NC-MS by 3019.4mm3 (P<0.05). 
 
3) T2-T1 comparisons among 3 groups  
§ HRF: FF  
o CS 1-2 (Table 16): The ANB angle and the overjet decrease were 
statistically more significant in the HRF group than the FF (ANB: HRF 
-2.5°, FF -0.6°; P<0.05 and Overjet: HRF -5.7mm, FF -0.6mm; 
P<0.05). This significant change in overjet was also due to the 
significant change in the L1-Apo: HRF 3.1mm, FF 0.5mm; P=0.03, 
P<0.05. Transversally the increase in the Interjugale width was 
significantly more in the HRF 4.0mm than the FF 1.3mm, P<0.05. The 
total airway volume increased more in HRF than in FF (HRF 
15464.5mm3, FF 5608.9mm3, P<0.05). 
 
o CS 3-4 (Table 17): There were statistically significant increases in the 
following in the HRF group: 
o S-N (HRF 2.1mm, FF 0.9mm; P=0.038, P<0.05) 
o ANS-Me (HRF 5.4mm, FF 3.15mm; P=0.02, P<0.05) 
o Go-Me (HRF 4.8mm, FF 2.38mm; P=0.01, P<0.01) 
o Co-Gn (HRF 6.9mm, FF 4.36mm; P=0.046, P<0.05) 
o L1-APo (HRF 3.5mm, FF 1.14mm; P=0.001, P<0.001) 
• Various cephalometric measurements decreased more in 
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HRF than in FF:  
o SNA (HRF -1.4°, FF -0.2°; P=0.042, P<0.05) 
o ANB (HRF -1.3°, FF -0.2; P=0.005, P<0.01) 
o Overjet (HRF -5.0mm, FF -0.7mm; P=0.001, P<0.001) 
• Cephalometric measurements decreased in HRF but 
increased in FF:  
o U1-PP (HRF -3.0°FF 5.8°; P=0.001, P<0.001) 
o U1-APo (HRF -1.8mm, FF 0.5mm; P=0.002, P<0.01) 
o U1-APo (HRF -4.7°, FF 4.7°; P=0.001, P<0.001) 
§ Transverse measurements - The changes of interjugale and 
maxillary intermolar width increased more in HRF than in FF. 
o Interjugale width (HRF 2.5mm, FF 0.66mm; P=0.001, 
P<0.001) 
o Maxillary intermolar width (HRF 2.1mm, FF -0.2mm; 
P=0.013, P<0.05) 
o Pancherz analysis: The changes of mandibular incisor, ii-
OLp (HRF 4.3mm, FF 2.0mm; P=0.002, P<0.01) and 
mandibular molar, mi-OLp (HRF 4.1mm, FF 1.4mm; 
P=0.006, P<0.01) were greater in HRF than in FF. Lower 
lip sulcus, LIS-OLp increased more in HRF (2.6mm) than 
in FF (0.6mm), P=0.041, P<0.05. 
• Airway volume: No significant difference was found.  
 
o CS 5-6 (Table 18): ANS-Me increased more in HRF (4.7mm) than FF 
(1.7mm) P<0.05 and the reduction in overjet and upper lip 
prominence was significantly more in the HRF group (Overjet: HRF -
5.2mm, FF -0.4mm; P<0.01 and UL-S line: HRF -2.3mm, FF -0.4mm; 
P=0.004, P<0.01). Transversally there was statistically more increase 
in the HRF in the interjugule width (HRF: 1.5mm than in FF: 0.3mm; 
P<0.05). NP increased more in HRF (2543.9mm3) than FF 
(694.0mm3), P=0.038, P<0.05. 	  
 
§ RF: FF 
o CS 3-4 (Table 19): The ANB angle increased in the RF group and 
decreased in the FF group and this difference was found to be 
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statistically significant. This also caused a reduction in Pog'-SnV in 
RF (-2.6mm) and this was found to be statistically significantly 
different to the increase in FF (0.3mm) P<0.01. Transversally the 
Interjugale width increase in RF (3.1mm) was significantly more than 
the FF group (0.7mm) P<0.001. None of the other measurements had 
any statistically significant difference between the two groups. 
 
o CS 5-6 (Table 20): The transverse increase in RF group was found to 
be significantly larger than the increase in the FF group for the 
interjugale width. The changes in the intermolar widths for the 
Maxillary intermolar width was also significant between groups, 
increased in RF 3.8mm but decreased in FF -0.3mm, P<0.01. 
 
§ HRF: RF  
o CS 3-4 (Table 21) The following changes were significant between 
the two groups: 
• SNA (HRF -1.4°, RF 0.1°; P<0.01) and ANB (HRF -1.3°, RF 
0.7°; P<0.001) 
• S-N (HRF 2.1mm, RF 1.0mm; P<0.05) 
• Co-Go (HRF 4.9mm, RF 2.0mm; P<0.05) and Co-Gn (HRF 
6.9mm, RF 4.2mm; P<0.05) 
• Overbite (HRF -2.7mm, RF -0.2mm; P<0.001) and Overjet 
(HRF -5.0mm, RF -0.2mm; P<0.001) 
• U1-PP (HRF -3.0°, RF 2.9°; P<0.05) and U1-APo (HRF -
1.8mm, RF 0.8mm; P<0.001) and (HRF -4.7°, RF 3.9°; 
P<0.001)	  
• L1-MP (HRF 7.6°, RF 1.8°; P<0.01) and L1-APo (HRF 
3.5mm, RF 0.9mm; P<0.001); Mandibular incisor, ii-OLp 
(HRF 3.4mm, RF 1.2mm; P=0.029, P<0.05). Mandibular 
molar, mi-OLp (HRF 2.5mm, RF -0.3mm; P=0.012, P<0.05) 
• H-Angle (HRF -3.2°, RF 0.1°; P<0.001) 
• Pog'-SnV (HRF 0.8mm, RF -2.6mm; P<0.01) 
• Upper Lip-S Line (HRF -2.1mm, RF -0.7mm; P<0.05) and G'-
Sn-Po' (HRF 1.1°, RF -3.0°; P=0.001, P<0.001) 
§ Transverse measurements: The changes of maxillary 
intermolar width in HRF (2.0mm) increased less than in RF 
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(3.5mm) P=0.048, P<0.05. 
§ Pancherz analysis (Hard tissue): The changes of maxillary 
incisor, is-OLp in HRF (-0.5mm) were less than RF (1.9mm) 
P=0.041, P<0.05. The changes in mandibular dentition was 
significantly more in the HRF group (ii-OLp: HRF 4.26mm, RF 
2.0mm; P<0.05), mi-OLp: HRF 4.1mm, RF 0.3mm; P=0.02, 
P<0.05). 
 
o CS 5-6 (Table 22): No transverse or airway measurements were 
significantly different from each other for the two groups at this growth 
stage.  ANB showed different trends between HRF (-0.4°) and RF, 
(0.9°) P=0.01, P<0.01. ANS-Me increased in HRF (4.7mm) more than 
in RF (2.0mm) P=0.042, P<0.05. Overbite decreased in HRF (-
3.6mm) more than in RF (-0.6mm) P=0.025, P<0.05. 
 
 
4) Correlations 
Statistically significant correlations of skeletal changes and airway changes 
were found in various groups and these are summarised in Tables 23-25.  
HRF: The correlations of the differences between airway changes and 
skeletal changes were positive for NC-MS/maxillary base (r=0.439, P=0.012, 
P<0.05), NP/SNA (r=0.388, P=0.028, P<0.05), NP/OPT-SN (r=0.446, P=0.01, 
P<0.01) and OP/OPT-SN (r=0.588, P=0.000, P<0.001) (Table 25). 
RF: The correlations of the differences between airway changes and skeletal 
changes were positive for NC-MS/OPT-SN (r=0.505, P=0.023, P<0.05), 
NP/SN (r=0.454, P=0.044, P<0.05), NP/OPT-SN (r=0.632,P=0.003) (Table 
25).	  	  
FF: The correlations of the differences between airway changes and skeletal 
changes were all positive for OP/OPT-SN (r=0.405, P=0.049, P<0.05) and 
OP/maxillary intermolar width (r=0.468, P=0.021, P<0.05) (Table 25). 
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DISCUSSION 
The Herbst appliance is thought to improve skeletal Class II malocclusion by 
changing the mandibular position, thereby enlarging the airway.30 RME is widely 
used to increase the transverse dimension of the maxillary skeletal structures and 
dentition, and was shown to increase airway dimensions.32 However, 3D studies of 
airway changes after Herbst/RME/full fixed appliances (HRF) in Class II, and 
RME/full fixed appliances (RF) in Class I are limited. In this study, we evaluated the 
sagittal, transverse and soft tissue parameters, and also airway volume changes in 
different stages of growth before and after HRF in Class II, RF in Class I and FF in 
Class I patients by using CBCT. 
The ideal study design to investigate the treatment effects of an appliance should 
include a non-treated sample for comparison, with similar dento-skeletal features and 
observation period. However, due to ethical considerations, it was not possible to 
collect CBCT data from untreated children. Therefore, for control group, we used 
data collected from Class I patients treated with full fixed appliances, who did not 
require correction of their maxillo-mandibular relationships. In order to differentiate 
the treatment effects of RME from Herbst and RME, a separate RF group was also 
included. However it should be noted that the overall treatment duration of the 3 
groups was not uniform, with the Class I group being shortest, which is a 
shortcoming of our study.  
When the 3 groups were compared for the severity of the initial malocclusion at T1, 
the HRF group patients showed increased overjet in every growth stage, and smaller 
mandibles particularly in CS 5-6. After treatment, the HRF group showed significant 
changes in overjet and showed decreased upper lip protrusion in all growth stages. 
Patients who received treatment during CS 3-4 showed greater improvement of 
maxillomandibular relationships by reduction in SNA and ANB angles, and increases 
in mandibular length compared to patients who received treatment in CS 5-6. The 
mandibular length also increased after treatment in Class I patients in both RF and 
FF groups. However, this increase was significant for HRF CS 3-4 patients, for both 
mandibular effective length and corpus length measurements. In 1979, Pancherz re-
introduced the Herbst appliance, claiming that it can correct Class II occlusion while 
promoting mandibular growth and reducing profile convexity.42 Many studies have 
reported a reduction of SNA and ANB angles,25,26,43 an increase in SNB angle and 
mandibular length,16,17 dental occlusion correction,25 and retrusion of the upper lip25,44 
after Herbst treatment. Ruf and Pancherz45 noted that treatment with the Herbst 
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appliance just after the peak of puberty, or when in permanent detention provides 
favourable effects, which is similar to our findings. The amount of chin projection 
change, evaluated with changes in sagittal position of Pg to OLp and NaP, however, 
was not very favourable in our sample. This may be due to two factors. There was no 
CBCT data collected after the Herbst appliance was removed, in order not to 
irradiate the patients excessively, and the whether there was relapse of anterior 
movement of pogonion, or if it simply did not take place cannot be explained with our 
findings. Secondly, the patients also showed increases in the vertical plane, which 
may also have diminished a positive effects in chin projection that may have 
occurred otherwise. 
 
The interjugale and maxillary intermolar widths increased in the HRF group at every 
growth stage, and the RF group at CS 3-4 and CS 5-6. This is consistent with 
previous studies that reported increases in skeletal and dental dimensions in the 
transverse plane with RME treatment in growing patents.40,41,46-48 Comparison of the 
treatment effects between the HRF and RF groups at CS 3-4 showed that the 
increase in maxillary intermolar width was significantly greater in the RF group than 
the HRF group. This may have been due to the higher degree of constriction of RF 
patients at T1 for the CS 3-4 patients, thus warranting the need for more expansion. 
 
Previous studies found that Herbst treatment decreased the maxillary base, maxillary 
incisor and molar distance from the occlusal plane perpendicular, while the distance 
of the mandibular base, mandibular incisor and molar from the occlusal plane 
perpendicular increased indicating distalisation of the maxillary structures and 
mesialisation of the mandibular structures.23,43 Our study found increases in the 
maxillary and mandibular base and dentition distances from the reference line, 
especially at CS 3-4 which contradicts with other studies. This might be due to the 
fact that the CBCTs were collected after a period of fixed appliance treatment, during 
which a catch up in maxilla and maxillary structures could have taken place.49 Wertz 
and Dreskin showed that after the removal of Herbst and during full fixed appliance 
treatment the maxilla may express a normal pattern of residual growth.50 In our RME 
group at CS 3-4, maxillary base and dentition moved forward, as would be expected 
with normal growth.  
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Previous studies have reported forward movement of the hyoid bone after 
mandibular advancement with repositioning appliances as well as Herbst 
treatment.30,51,52 Most studies have measured the hyoid bone distance from the third 
cervical vertebra (C3)51,52 or SN perpendicular line30. In addition, studies of RME 
reported decreases in hyoid bone to mandibular plane distance (H-MP) after 
treatment.53,54 In our study, hyoid bone distance from occlusal perpendicular line 
(OLp) decreased in both HRF and RF groups, which could be due to the increase in 
vertical face height causing the hyoid bone to move down and back. This, and the 
changes in pogonion indicate the importance of controlling vertical in Class II 
patients, especially if there is a risk of SDB. 
 
Soft tissue profile changes were also measured from the reference line (OLp) 
according to Pancherz analysis. In the HRF CS 3-4 group, nose, upper sulcus, lower 
lip, lower sulcus and chin showed forward projection. However, retraction of the 
upper lip was found in the CS 5-6 group. The increases in nose and upper sulcus 
distances might be the effect of RME and growth, as patients in RF and FF also 
showed increases in nose and upper sulcus distances. Bishara et al.55 noted that the 
lips become more retruded to the aesthetic line, between the age of 5 and 25 and 
showed further significant changes between the ages of 15 to 25. 
 
In a retrospective cross-sectional study Kim et al.56 compared the airway volume of 
growing Class I patients and Class II patients with retrognathic mandibles. No 
statistically significant differences in nasal or pharyngeal airway were found between 
Class I and Class II patients. However, the total airway volume in Class II patients 
was significantly smaller than Class I. Conversely, El et al.5 reported that Class II 
patients had smaller naso and oropharynxes compared to Class I patients. In our 
study, statistical analysis at T1 between the 3 groups showed no significant 
differences in airway volumes. However, the total airway volume of Class I patients in 
both the RF and FF groups showed greater volumetric values than the Class II HRF 
group. The airway landmarks of nasopharynx and oropharynx in our study were 
similar to Kim’s study56 and we also found no significant difference in pharyngeal 
airway volume.  
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In a previous study using CBCT, it was reported that the oropharyngeal and total 
airway volume increased more in growing Class II patients treated with the Herbst 
appliance when compared to Class I patients treated with full fixed appliance only.30 
Schutz et al.39 evaluated the effect of Herbst with RME treatment in Class II patients 
during CS 3-4 with MRI imaging. The results showed a significant increase in the 
nasopharynx, oropharynx, and total airway volumes. However, these studies did not 
evaluate the effect of Herbst in the nasal cavity area. In our study, the results of 
airway changes from T1 to T2 in the HRF group showed an increase in all parts of 
airway volume during CS 3-4. However, in CS 1-2 only nasal cavity and total airway 
volume increased, and in CS 5-6 only the nasopharynx and the oropharynx volume 
increased. These results for CS 3-4 stages are consistent with previous studies.30,39 
Many studies have reported an increase in the nasal cavity volume but no significant 
increase in the maxillary sinus volume after RME treatment.32,40,41 In our study, we 
combined the nasal cavity and the left-right maxillary sinuses in the measurement of 
NC-MS volume due to the difficulty in separating the nasal cavity from the maxillary 
sinuses in the Dolphin software. There was no significant increase in the RF group, 
however this was difficult to compare with previous studies due to the differences in 
measurement and landmark identification as mentioned above.32,40,41  
 
Smith et al.32 showed an increase in the nasopharynx volume after RME treatment in 
growing patients. This is in accordance with the results of our study where an 
increase in nasopharynx volume was noted at CS 3-4 and CS 5-6 using the same 
landmarks. Many studies have not shown an increase in the oropharyngeal volumes 
after RME treatment.32,48,57 Iwasaki et al.58 reported that total pharyngeal airway 
volumes, retropalatal and oropharyngeal airway volumes increased after RME 
treatment in their study. In our study, oropharyngeal volumes at CS 3-4 significantly 
increased, which was in agreement with Iwasaki et al.58 This comparison is difficult 
though as the amount of expansion depends on the severity of arch constriction for 
individual patient and this would in turn effect the airway changes.  
 
When the effects of the HRF group were compared with the FF group, increases in 
airway volume were greater in HRF group than the FF group for total airway volume 
at CS 1-2 and nasopharynx volume at CS 5-6. Although there were no differences 
between the 2 groups during CS 3-4, the airway volume in both HRF and FF groups 
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increased. Iwasaki et al.30 found significant differences between the Herbst Class II 
treated group, and full fixed treated Class I group in total airway and oropharynx 
airway volumes. However, Iwasaki et al.30 did not include the nasal cavity and 
nasopharynx, and the landmarks for oropharynx were different from our study.  
 
The results showed positive correlations between skeletal changes, including OPT-
SN, maxillary base and maxillary intermolar width, and changes in airway volume. 
Hyoid bone distance showed negative correlation to airway changes. Muto et al.59 
reported correlations between cranio-cervical angulation (the same landmark as 
OPT-SN) and pharyngeal airway space. A 10° change of cranio-cervical angulation 
can affect the pharyngeal airway length by 4 mm. Suttiprapaporn et al.60 evaluated 
the responses of the oropharyngeal airway in upright and supine positions. The 
results showed that from supine to sitting position, the soft palate, the epiglottis and 
the entrance of the esophagus moved in a caudal and posterior direction, while the 
body of the hyoid bone moved mainly in the caudal direction. These movements lead 
to a smaller cross sectional airway area in the supine position. On the other hand, 
Ribeiro et al.61 reported that cranio-cervical angulation (OPT-SN), sagittal positioning 
of the mandible and oropharynx volume had no correlations. However, their 
treatment duration was only 4 months, which was shorter than our study.  
 
Herbst with RME treatment in Class II patients and RME treatment in Class I patients 
increased airway volume, while simultaneously improving the maxillomandibular 
complex relationship. This suggests that orthodontic treatment with Herbst and RME 
not only improves jaw relationships, but also increases the airway volume, which 
may positively contribute to relieving breathing issues related to OSA. This study has 
a few shortcomings. Firstly it was a retrospective study with limited patient numbers 
that were treated with a similar fashion. Secondly the patients’ OSA status was 
unclear as there were no reports that investigate OSA probability. In order to 
investigate the changes in airway volumes of different treatment groups in different 
growth stages, the sample was divided into subgroups and this has created many 
statistical tests that could have increased the risk of type I error. Future studies with 
an increased number of patients and matching untreated Class II control subjects 
should evaluate effects of Herbst treatment and RME in relation to breathing 
parameters, airway resistances and airway volume.   
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CONCLUSION 
According to the results of our study, the following conclusions can be made: 
1. Herbst with RME treatment corrected unfavorable dento-skeletal relationships 
and soft tissue discrepancies in Class II patients.  RME treatment improved 
skeletal and dental maxillary constriction. In both groups, almost all of the 
significant changes were found in CS 3-4.  
2. After Herbst with RME treatment, the nasal cavity and the maxillary sinuses, 
nasopharynx, oropharynx and total airway volume increased. RME treatment 
caused significant increases in nasopharynx and oropharynx airway volumes. 
Similarly almost all of the significant changes were found in CS 3-4 in both 
groups. 
Future studies with actual OSA patients should be undertaken. 
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TABLES 
Table 1: Sex distribution of all groups (Herbst/RME/full fixed appliance Class II: HRF; 
RME/full filxed appliance Class I: RF; full fixed appliance Class I:FF) according to 
Cervical verterbra maturation (CVM) stages. 
 
 
Table 2: Descriptive statistics for treatment age at T1 and treatment duration of all 
groups (Herbst/RME/full fixed appliance Class II: HRF; RME/full filxed appliance 
Class I: RF; full fixed appliance Class I:FF) divided according to CVM stages. 
 
 
Table 3: Definition of airway anatomic areas.  
 Anterior boundary  Posterior boundary  Superior boundary Inferior boundary  
Nasal cavity and 
Maxillary sinus  
Line from anterior 
nasal spine (ANS) 
to the tip of the 
nasal bone to 
nasion (N) 
Line from sella (S) 
to posterior nasal 
spine (PNS) 
Line from N to S Line from ANS to 
PNS 
Nasopharynx Line from S to 
PNS 
Line from S to the 
tip of the odontoid 
process 
 Line from PNS to 
the tip of the 
odontoid process 
Oropharynx  Line from PNS to 
the tip of the 
epiglottis 
Line from the tip of 
the odontoid 
process  
 
Line extending 
from 
PNS to the tip of 
the odontoid 
process 
Line parallel to the 
tip of the epiglottis  
 
CVM F M Total*
1,2 1 3 4
3,4 15 7 22
5,6 6 0 6
1,2 0 1 1
3,4 8 4 12
5,6 5 2 7
1,2 0 4 4
3,4 8 4 12
5,6 6 2 8
HRF*(n=32)
RF*(n=20)
FF*(n=24)
CVM N Mininum Maximum Mean SD
1/2 4 10Y6M 12Y6M 11Y8M 0Y10M
3/4 22 10Y4M 14Y11M 12Y8M 1Y3M
5/6 6 11Y4M 15Y2M 13Y3M 1Y3M
1/2 4 2Y3M 3Y3M 2Y6M 0Y5M
3/4 22 2Y0M 4Y2M 2Y9M 0Y6M
5/6 6 2Y3M 5Y11M 3Y4M 1Y4M
1/2 1 10Y5M 10Y5M 10Y5M 0Y0M
3/4 12 10Y1M 14Y6M 13Y1M 1Y6M
5/6 7 13Y6M 19Y7M 15Y1M 2Y0M
1/2 1 4Y8M 4Y8M 4Y8M 0Y0M
3/4 12 1Y3M 4Y6M 2Y8M 1Y1M
5/6 7 1Y5M 3Y11M 2Y5M 1Y0M
1/2 4 9Y10M 15Y0M 12Y7M 2Y2M
3/4 12 10Y5M 15Y7M 13Y4M 1Y7M
5/6 8 13Y1M 16Y10M 15Y6M 1Y4M
1/2 4 0Y11M 3Y6M 2Y2M 1Y1M
3/4 12 1Y3M 5Y3M 2Y6M 1Y1M
5/6 8 0Y9M 2Y11M 1Y8M 0Y9M
FF Treat>ment>
age
Treatment>
duration>
HRF Treat>ment>
age
Treatment>
duration>
RF Treat>ment>
age
Treatment>
duration>
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Table 4: ANOVA tests of skeletal, dental, soft tissue and airway measurements of 
treatment groups at T1 for CS 1-2 patients  
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
RF (N=1)
Mean SD Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) 83.7 1.8 72.4 79.5 2.5 0.059 NS
SNB (°) 76.6 1.1 70.2 77.0 3.2 0.818 NS
ANB (°) 7.1 1.1 2.2 2.5 1.2 0.004 **
S-N (mm) 67.6 2.2 67.8 66.3 3.8 0.621 NS
SN - PP (°) /1.1 1.2 6.4 /0.6 3.7 0.808 NS
MP - SN (°) 31.2 5.1 35.2 34.5 3.5 0.371 NS
PP - MP (°) 27.4 3.8 24.4 30.3 3.4 0.346 NS
MP - FH  (°) 24.2 5.1 28.2 27.5 3.5 0.371 NS
Co-A (mm) 83.9 3.5 74.8 80.4 3.8 0.273 NS
ANS-Me (mm) 61.5 5.4 56.2 63.3 2.3 0.608 NS
Ba-S-N (°) 131.1 1.5 136.8 134.4 2.4 0.090 NS
Y-Axis  (°) 66.8 1.5 71.7 68.9 2.5 0.234 NS
Co-Go (mm) 54.0 2.8 52.3 58.3 5.0 0.231 NS
Ba-Na^Pt-Gn (°) 0.7 1.8 0.1 0.2 2.2 0.759 NS
Ar-Go-Me (°) 121.3 4.4 116.5 125.6 0.9 0.145 NS
Go-Me (mm) 72.7 3.6 71.1 72.2 1.9 0.848 NS
Co-Gn (mm) 102.5 4.2 95.2 105.6 4.0 0.372 NS
A-Np (mm) 3.7 1.5 -2.2 0.8 3.0 0.167 NS
Pog-Np(mm) /3.4 4.5 -5.8 /2.1 7.6 0.792 NS
Overbite (mm) 4.0 1.3 3.0 1.5 1.4 0.059 NS
Overjet (mm) 8.6 3.3 3.1 2.5 1.2 0.025 *
U1 - PP (°) 111.5 12.3 101.6 106.9 4.1 0.553 NS
L1 - MP (°) 97.5 6.3 96.3 94.4 7.4 0.582 NS
U1-APo (mm) 8.4 4.0 4.1 4.7 0.7 0.154 NS
U1-APo (°) 34.4 11.5 18.1 25.0 2.3 0.206 NS
L1-APo (mm) /0.3 1.1 1.0 2.3 1.1 0.030 *
H-Angle (°) 20.2 3.4 10.1 14.2 6.2 0.185 NS
Pog' - SnV (mm) /10.7 4.6 -6.3 /5.4 5.2 0.223 NS
Upper Lip - S Line (mm) 3.1 2.2 -2.7 0.4 3.6 0.289 NS
Lower Lip - S Line (mm) 2.7 2.6 -1.0 0.4 2.9 0.332 NS
G'-Sn-Po' (°) 158.7 2.4 168.6 164.3 2.4 0.053 NS
OPT-SN (°) 96.7 5.9 95.7 98.6 5.7 0.692 NS
Transverse measurements 
Interjugale width (mm) 57.7 2.8 60.0 60.4 0.8 0.163 NS
Max intermolar width (mm) 44.2 2.5 47.5 45.8 0.9 0.322 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 71.9 3.9 65.6 68.2 1.1 0.163 NS
Mand base, pg – OLp (mm) 74.1 3.9 69.8 74.5 2.3 0.879 NS
Max incisor, is – OLp (mm) 80.6 5.2 71.5 74.7 0.6 0.099 NS
Mand incisor, ii – OLp (mm) 72.4 4.9 68.4 72.4 1.9 0.987 NS
Max molar, ms – OLp (mm) 50.7 4.3 44.6 51.0 3.2 0.936 NS
Mand molar, mi – OLp (mm) 48.6 4.2 45.3 52.7 3.7 0.231 NS
Hyoid - OLp (mm) 28.6 6.8 34.8 26.6 5.7 0.735 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 90.7 2.6 88.9 92.3 2.0 0.451 NS
Up sulcus, UIS - OLp (mm) 85.0 4.8 77.4 82.6 0.6 0.411 NS
Up lip, UI - OLp (mm) 90.0 4.0 79.8 87.4 2.8 0.367 NS
Low lip, LI - OLp (mm) 88.5 4.9 80.3 87.5 1.8 0.733 NS
Low sulcus, LIS - OLp (mm) 81.1 4.2 76.8 82.4 1.8 0.632 NS
Pog' - OLp (mm) 83.9 5.7 80.1 86.8 3.1 0.437 NS
Airway volume 
NC+MS (mm3) 38,565.6 9,288.7 46,340.3 50,444.5 2,393.2 0.073 NS
NP (mm3) 5,740.2 1,733.7 3,069.2 5,526.5 2,410.8 0.901 NS
OP (mm3) 10,197.8 442.5 2,794.1 12,273.0 7,582.3 0.639 NS
Total airway volume (mm3) 54,503.5 8,704.5 52,203.6 68,244.0 12,123.1 0.154 NS
measurements HRF (N=4) FF (N=4)
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Table 5: ANOVA tests of skeletal, dental, soft tissue and airway measurements of 
treatment groups at T1 for CS 3-4 patitents  
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) 82.3 2.6 80.0 3.3 81.0 4.0 0.135 NS
SNB (°) 76.7 2.6 78.3 3.6 78.5 3.6 0.185 NS
ANB (°) 5.6 0.9 1.6 1.1 2.4 2.4 0.000 ***
S-N (mm) 65.2 3.9 65.5 2.2 65.9 4.9 0.860 NS
SN - PP (°) 0.8 4.5 /0.1 4.0 0.4 3.1 0.836 NS
MP - SN (°) 32.3 6.3 34.2 3.9 31.2 4.6 0.391 NS
PP - MP (°) 26.6 7.4 29.2 4.8 26.2 3.8 0.387 NS
MP - FH  (°) 25.3 6.3 27.2 3.9 24.2 4.6 0.391 NS
Co-A (mm) 81.9 4.3 79.0 4.8 80.9 5.3 0.223 NS
ANS-Me (mm) 59.6 5.5 62.0 4.0 61.9 4.3 0.275 NS
Ba-S-N (°) 131.4 3.9 128.3 5.5 129.8 5.2 0.189 NS
Y-Axis  (°) 68.4 3.6 67.7 2.9 67.6 3.8 0.748 NS
Co-Go (mm) 56.6 6.3 57.4 6.4 57.2 5.8 0.937 NS
Ba-Na^Pt-Gn (°) /0.8 4.2 /1.3 2.7 0.2 3.0 0.577 NS
Ar-Go-Me (°) 123.1 7.4 126.9 6.5 123.4 2.7 0.235 NS
Go-Me (mm) 70.8 3.7 73.8 4.8 74.6 7.0 0.080 NS
Co-Gn (mm) 102.9 5.5 107.4 8.6 106.3 8.8 0.180 NS
A-Np (mm) 3.3 2.4 1.9 3.1 1.7 3.1 0.201 NS
Pog-Np(mm) /2.2 5.1 3.0 7.0 0.5 6.6 0.060 NS
Overbite (mm) 4.4 2.0 1.6 1.2 3.1 1.7 0.000 ***
Overjet (mm) 7.3 2.3 2.7 0.9 3.0 0.8 0.000 ***
U1 - PP (°) 112.0 8.1 106.7 5.6 106.3 5.5 0.034 *
L1 - MP (°) 96.0 5.7 88.4 6.3 93.8 7.5 0.007 **
U1-APo (mm) 7.8 2.3 3.8 1.8 4.7 2.2 0.000 ***
U1-APo (°) 32.3 8.0 20.8 5.5 21.5 7.8 0.000 ***
L1-APo (mm) 0.4 1.7 1.3 1.5 1.8 1.6 0.044 *
H-Angle (°) 18.5 3.0 11.0 2.8 14.8 4.1 0.000 ***
Pog' - SnV (mm) /8.3 3.4 /2.9 3.7 /5.9 3.7 0.001 ***
Upper Lip - S Line (mm) 1.3 1.9 /2.1 1.2 /0.1 1.9 0.000 ***
Lower Lip - S Line (mm) 1.0 2.0 /1.4 1.5 0.8 2.5 0.012 *
G'-Sn-Po' (°) 159.8 4.3 167.5 4.5 165.9 5.3 0.000 ***
OPT-SN (°) 98.0 9.5 95.0 8.7 93.2 7.7 0.292 NS
Transverse measurements 
Interjugale width (mm) 60.0 4.1 56.3 3.2 60.3 2.7 0.011 *
Max intermolar width (mm) 45.1 3.3 42.4 3.1 46.3 2.3 0.008 **
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 67.5 4.5 66.6 3.3 66.3 5.8 0.714 NS
Mand base, pg – OLp (mm) 68.5 7.1 74.8 7.2 71.1 9.0 0.087 NS
Max incisor, is – OLp (mm) 75.3 4.1 72.8 4.7 73.1 5.9 0.241 NS
Mand incisor, ii – OLp (mm) 68.6 5.7 70.8 4.8 69.6 5.7 0.536 NS
Max molar, ms – OLp (mm) 46.9 5.4 47.3 3.8 45.6 6.7 0.698 NS
Mand molar, mi – OLp (mm) 45.6 5.6 50.8 5.3 47.2 6.8 0.057 NS
Hyoid - OLp (mm) 23.5 9.9 34.5 6.8 25.3 11.4 0.019 *
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 91.5 5.9 93.3 3.8 89.4 6.4 0.312 NS
Up sulcus, UIS - OLp (mm) 81.4 5.2 82.1 3.8 81.0 7.5 0.879 NS
Up lip, UI - OLp (mm) 85.0 5.5 85.2 4.8 84.7 8.3 0.980 NS
Low lip, LI - OLp (mm) 83.3 6.0 85.3 5.3 83.8 8.3 0.700 NS
Low sulcus, LIS - OLp (mm) 76.2 6.0 81.1 6.1 78.6 8.4 0.128 NS
Pog' - OLp (mm) 79.7 7.1 86.1 8.0 81.4 9.6 0.093 NS
Airway volume 
NC+MS (mm3) 51,079.3 12,756.9 52,159.8 10,720.2 55,055.8 14,358.1 0.684 NS
NP (mm3) 5,274.5 1,946.8 5,210.3 2,085.4 6,061.9 1,438.6 0.440 NS
OP (mm3) 9,347.6 3,777.3 8,966.2 2,932.8 11,865.2 4,642.5 0.127 NS
Total airway volume (mm3) 65,701.3 15,594.9 66,336.3 13,579.9 72,982.9 18,092.5 0.418 NS
RF (N=12)measurements HRF (N=22) FF (N=12)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	  	  
	  	  	   71	  
Table 6: ANOVA tests of skeletal, dental, soft tissue and airway measurements of 
treatment groups at T1 for CS 5-6 patients  
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) 82.4 3.0 78.6 3.9 82.9 2.5 0.037 *
SNB (°) 76.3 3.0 77.8 3.4 80.7 2.7 0.038 *
ANB (°) 6.1 1.7 0.8 1.7 2.2 1.8 0.000 ***
S-N (mm) 65.7 3.3 68.5 3.3 65.2 2.7 0.112 NS
SN - PP (°) 1.0 1.7 0.8 5.6 1.1 3.4 0.986 NS
MP - SN (°) 34.0 3.5 33.8 5.0 30.7 4.8 0.305 NS
PP - MP (°) 27.8 3.9 28.2 5.5 24.6 4.0 0.262 NS
MP - FH  (°) 27.0 3.5 26.8 5.0 23.7 4.8 0.305 NS
Co-A (mm) 80.9 4.0 83.1 3.7 82.9 3.4 0.512 NS
ANS-Me (mm) 60.8 3.5 67.4 8.0 62.1 4.7 0.114 NS
Ba-S-N (°) 128.5 2.5 130.3 5.1 130.7 6.5 0.730 NS
Y-Axis  (°) 69.3 3.7 68.8 3.9 66.6 2.8 0.325 NS
Co-Go (mm) 54.9 3.1 63.4 6.6 61.3 3.8 0.013 *
Ba-Na^Pt-Gn (°) /3.0 4.3 /1.0 3.8 1.7 4.1 0.126 NS
Ar-Go-Me (°) 125.9 2.4 125.4 6.0 122.7 5.7 0.461 NS
Go-Me (mm) 69.7 5.4 77.1 5.7 76.6 3.9 0.028 *
Co-Gn (mm) 102.1 4.3 113.9 7.8 110.1 4.7 0.006 **
A-Np (mm) 1.3 2.9 0.3 1.6 4.1 3.2 0.038 *
Pog-Np(mm) /6.7 4.7 1.0 4.1 5.0 4.1 0.000 ***
Overbite (mm) 5.1 2.0 1.2 2.2 2.7 1.9 0.011 *
Overjet (mm) 7.3 2.4 3.7 3.2 2.7 1.0 0.005 **
U1 - PP (°) 110.6 8.5 113.1 4.5 109.9 6.4 0.619 NS
L1 - MP (°) 94.3 4.5 90.2 9.3 92.5 9.1 0.656 NS
U1-APo (mm) 8.1 2.7 5.6 2.1 4.5 2.7 0.052 NS
U1-APo (°) 31.2 8.3 26.6 6.8 22.0 6.9 0.091 NS
L1-APo (mm) 0.5 1.5 2.0 1.9 2.0 3.0 0.404 NS
H-Angle (°) 18.7 4.0 12.6 3.1 13.6 3.7 0.019 *
Pog' - SnV (mm) /9.6 2.2 /4.5 3.4 /1.1 3.3 0.000 ***
Upper Lip - S Line (mm) 1.5 1.2 /1.0 1.7 /0.5 2.6 0.096 NS
Lower Lip - S Line (mm) 1.4 2.2 /0.1 1.5 /0.2 3.0 0.436 NS
G'-Sn-Po' (°) 161.2 4.9 166.5 4.7 168.4 5.9 0.064 NS
OPT-SN (°) 99.2 7.7 98.6 10.5 101.2 9.3 0.853 NS
Transverse measurements 
Interjugale width (mm) 58.0 3.4 57.1 3.6 59.8 3.6 0.338 NS
Max intermolar width (mm) 43.6 2.5 41.9 3.1 46.8 2.5 0.009 **
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 68.9 3.1 66.4 5.5 67.7 3.5 0.588 NS
Mand base, pg – OLp (mm) 70.0 5.0 71.7 7.2 75.1 6.2 0.321 NS
Max incisor, is – OLp (mm) 77.1 2.4 73.9 6.9 75.5 5.9 0.611 NS
Mand incisor, ii – OLp (mm) 70.0 3.5 70.5 6.8 72.6 6.4 0.683 NS
Max molar, ms – OLp (mm) 48.4 2.5 47.2 5.3 49.0 4.1 0.710 NS
Mand molar, mi – OLp (mm) 48.0 3.5 48.8 5.3 51.4 5.3 0.397 NS
Hyoid - OLp (mm) 26.1 8.5 25.1 10.6 25.4 7.9 0.983 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 93.5 5.0 94.2 4.2 94.7 3.4 0.892 NS
Up sulcus, UIS - OLp (mm) 82.6 3.9 83.1 5.3 82.6 2.8 0.959 NS
Up lip, UI - OLp (mm) 87.3 4.6 86.2 6.4 87.6 4.5 0.882 NS
Low lip, LI - OLp (mm) 84.1 4.6 85.6 6.9 87.6 5.7 0.560 NS
Low sulcus, LIS - OLp (mm) 78.0 3.5 79.8 6.5 82.6 6.2 0.360 NS
Pog' - OLp (mm) 82.0 4.9 83.2 7.7 87.4 5.3 0.269 NS
Airway volume 
NC+MS (mm3) 53,396.6 13,125.8 59,747.4 12,830.4 53,847.1 7,940.7 0.517 NS
NP (mm3) 4,823.7 1,658.8 6,871.5 2,534.0 6,853.2 1,131.7 0.101 NS
OP (mm3) 8,309.2 2,894.4 13,245.1 5,205.3 12,992.9 7,239.9 0.237 NS
Total airway volume (mm3) 66,529.5 15,164.3 79,863.9 19,081.5 73,693.2 13,743.8 0.351 NS
measurements HRF (N=6) RF (N=7) FF (N=8)
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Table 7: Paired t-test of skeletal, dental, soft tissue and airway measurements within 
Herbst/RME/full fixed appliance Class II (HRF) CS1-2 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 83.7 1.8 81.6 1.6 -2.1 2.5 0.196 NS
SNB (°) 76.6 1.1 77.0 1.7 0.4 1.6 0.653 NS
ANB (°) 7.1 1.1 4.6 0.6 -2.5 1.0 0.016 *
S-N (mm) 67.6 2.2 71.9 5.3 4.3 3.3 0.080 NS
SN - PP (°) -1.1 1.2 -0.2 2.8 1.0 3.8 0.645 NS
MP - SN (°) 31.2 5.1 32.6 4.7 1.4 3.7 0.493 NS
PP - MP (°) 27.4 3.8 26.7 5.9 -0.7 2.7 0.628 NS
MP - FH  (°) 24.2 5.1 25.6 4.7 1.4 3.7 0.493 NS
Co-A (mm) 83.9 3.5 87.4 6.2 3.5 2.9 0.097 NS
ANS-Me (mm) 61.5 5.4 68.3 10.8 6.8 5.7 0.097 NS
Ba-S-N (°) 131.1 1.5 130.2 1.8 -0.9 1.8 0.382 NS
Y-Axis  (°) 66.8 1.5 67.8 2.0 1.0 1.4 0.228 NS
Co-Go (mm) 54.0 2.8 59.8 5.6 5.8 6.9 0.192 NS
Ba-Na^Pt-Gn (°) 0.7 1.8 -1.6 3.6 -2.2 2.9 0.217 NS
Ar-Go-Me (°) 121.3 4.4 121.5 4.6 0.1 3.0 0.927 NS
Go-Me (mm) 72.7 3.6 82.1 7.1 9.4 3.5 0.013 *
Co-Gn (mm) 102.5 4.2 113.3 10.0 10.9 6.1 0.038 *
A-Np (mm) 3.7 1.5 3.1 3.0 -0.6 1.8 0.544 NS
Pog-Np(mm) -3.4 4.5 -0.7 6.8 2.7 3.5 0.220 NS
Overbite (mm) 4.0 1.3 2.1 1.4 -2.0 2.0 0.142 NS
Overjet (mm) 8.6 3.3 2.9 0.6 -5.7 2.7 0.025 *
U1 - PP (°) 111.5 12.3 107.4 4.1 -4.1 13.5 0.589 NS
L1 - MP (°) 97.5 6.3 102.4 10.0 4.9 7.3 0.274 NS
U1-APo (mm) 8.4 4.0 5.6 1.1 -2.8 3.0 0.164 NS
U1-APo (°) 34.4 11.5 26.2 2.9 -8.3 10.7 0.220 NS
L1-APo (mm) -0.3 1.1 2.9 0.9 3.1 1.3 0.018 *
H-Angle (°) 20.2 3.4 16.8 3.1 -3.4 0.6 0.002 **
Pog' - SnV (mm) -10.7 4.6 -10.8 6.0 0.0 2.2 0.983 NS
Upper Lip - S Line (mm) 3.1 2.2 0.1 1.9 -2.9 0.9 0.008 **
Lower Lip - S Line (mm) 2.7 2.6 0.2 1.8 -2.5 1.7 0.061 NS
G'-Sn-Po' (°) 158.7 2.4 157.8 3.8 -0.9 2.3 0.496 NS
OPT-SN (°) 96.7 5.9 98.9 5.8 2.2 1.7 0.091 NS
Transverse measurements 
Interjugale width (mm) 57.7 2.8 61.7 3.8 4.0 1.0 0.004 **
Max intermolar width (mm) 44.2 2.5 47.0 2.7 2.7 1.7 0.047 *
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 71.9 3.9 73.6 3.1 1.7 1.9 0.174 NS
Mand base, pg – OLp (mm) 74.1 3.9 77.7 2.6 3.6 4.0 0.169 NS
Max incisor, is – OLp (mm) 80.6 5.2 79.8 3.9 -0.8 2.7 0.618 NS
Mand incisor, ii – OLp (mm) 72.4 4.9 77.2 3.6 4.9 4.3 0.108 NS
Max molar, ms – OLp (mm) 50.7 4.3 53.5 3.4 2.7 2.6 0.131 NS
Mand molar, mi – OLp (mm) 48.6 4.2 54.4 3.5 5.8 3.0 0.030 *
Hyoid - OLp (mm) 28.6 6.8 31.2 9.4 2.6 3.9 0.266 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 90.7 2.6 97.8 6.1 7.1 4.2 0.100 NS
Up sulcus, UIS - OLp (mm) 85.0 4.8 89.0 5.0 4.0 3.0 0.076 NS
Up lip, UI - OLp (mm) 90.0 4.0 92.9 5.4 2.9 2.7 0.122 NS
Low lip, LI - OLp (mm) 88.5 4.9 91.4 5.0 2.9 2.4 0.099 NS
Low sulcus, LIS - OLp (mm) 81.1 4.2 85.4 4.1 4.3 3.1 0.071 NS
Pog' - OLp (mm) 83.9 5.7 88.4 4.7 4.5 3.1 0.061 NS
Airway volume 
NC+MS (mm3) 38,565.6 9,288.7 49,691.7 9,573.4 11,126.1 664.6 0.000 ***
NP (mm3) 5,740.2 1,733.7 7,622.0 2,081.0 1,881.8 1,819.9 0.130 NS
OP (mm3) 10,197.8 442.5 12,654.4 3,688.1 2,456.6 3,394.3 0.244 NS
Total airway volume (mm3) 54,503.5 8,704.5 69,968.0 12,412.8 15,464.5 5,130.4 0.009 **
measurements 
HRF (N=4)
T1 T2 T2-T1
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Table 8: Paired t-test of skeletal, dental, soft tissue and airway measurements within 
Herbst/RME/full fixed appliance Class II (HRF) CS 3-4 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 82.3 2.6 80.9 2.9 -1.4 1.9 0.003 **
SNB (°) 76.7 2.6 76.6 2.8 -0.1 1.8 0.817 NS
ANB (°) 5.6 0.9 4.3 1.5 -1.3 1.0 0.000 ***
S-N (mm) 65.2 3.9 67.2 4.9 2.1 1.9 0.000 ***
SN - PP (°) 0.8 4.5 1.3 4.1 0.5 2.4 0.305 NS
MP - SN (°) 32.3 6.3 33.5 7.5 1.2 2.7 0.053 NS
PP - MP (°) 26.6 7.4 27.4 8.3 0.9 2.8 0.169 NS
MP - FH  (°) 25.3 6.3 26.5 7.5 1.2 2.7 0.053 NS
Co-A (mm) 81.9 4.3 84.7 5.4 2.8 2.2 0.000 ***
ANS-Me (mm) 59.6 5.5 65.0 5.8 5.4 3.5 0.000 ***
Ba-S-N (°) 131.4 3.9 132.2 4.6 0.8 2.6 0.153 NS
Y-Axis  (°) 68.4 3.6 69.9 4.3 1.5 1.6 0.000 ***
Co-Go (mm) 56.6 6.3 61.5 5.7 4.9 4.5 0.000 ***
Ba-Na^Pt-Gn (°) -0.8 4.2 -1.7 5.5 -0.9 2.4 0.099 NS
Ar-Go-Me (°) 123.1 7.4 122.1 7.7 -1.0 2.1 0.033 *
Go-Me (mm) 70.8 3.7 75.6 4.0 4.8 2.8 0.000 ***
Co-Gn (mm) 102.9 5.5 109.8 6.0 6.9 4.2 0.000 ***
A-Np (mm) 3.3 2.4 3.0 2.5 -0.3 1.7 0.410 NS
Pog-Np(mm) -2.2 5.1 -1.3 5.8 0.9 3.7 0.249 NS
Overbite (mm) 4.4 2.0 1.7 1.1 -2.7 2.1 0.000 ***
Overjet (mm) 7.3 2.3 2.3 0.8 -5.0 2.1 0.000 ***
U1 - PP (°) 112.0 8.1 109.0 5.9 -3.0 7.2 0.061 NS
L1 - MP (°) 96.0 5.7 103.7 8.1 7.6 6.8 0.000 ***
U1-APo (mm) 7.8 2.3 6.1 1.8 -1.7 2.2 0.001 **
U1-APo (°) 32.3 8.0 27.5 5.5 -4.7 7.7 0.009 **
L1-APo (mm) 0.4 1.7 3.8 2.0 3.4 1.8 0.000 ***
H-Angle (°) 18.5 3.0 15.3 3.2 -3.2 2.8 0.000 ***
Pog' - SnV (mm) -8.3 3.4 -7.5 3.5 0.8 2.7 0.206 NS
Upper Lip - S Line (mm) 1.3 1.9 -0.8 1.9 -2.1 1.6 0.000 ***
Lower Lip - S Line (mm) 1.0 2.0 0.3 2.3 -0.7 1.7 0.087 NS
G'-Sn-Po' (°) 159.8 4.3 160.9 5.1 1.1 3.8 0.184 NS
OPT-SN (°) 98.0 9.5 102.9 11.8 4.9 6.1 0.001 **
Transverse measurements 
Interjugale width (mm) 60.0 4.1 62.4 4.3 2.5 1.6 0.000 ***
Max intermolar width (mm) 45.1 3.3 47.2 2.8 2.1 1.7 0.000 ***
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 67.5 4.5 68.7 5.3 1.2 1.9 0.008 **
Mand base, pg – OLp (mm) 68.5 7.1 71.4 10.0 2.9 6.1 0.037 *
Max incisor, is – OLp (mm) 75.3 4.1 74.8 6.0 -0.5 3.8 0.522 NS
Mand incisor, ii – OLp (mm) 68.6 5.7 72.9 5.7 4.3 2.4 0.000 ***
Max molar, ms – OLp (mm) 46.9 5.4 48.3 5.5 1.4 1.9 0.002 **
Mand molar, mi – OLp (mm) 45.6 5.6 49.7 5.9 4.1 2.5 0.000 ***
Hyoid - OLp (mm) 23.5 9.9 20.5 9.1 -3.2 5.6 0.017 *
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 91.5 5.9 95.6 7.4 4.0 2.6 0.000 ***
Up sulcus, UIS - OLp (mm) 81.4 5.2 82.8 6.5 1.4 2.4 0.010 *
Up lip, UI - OLp (mm) 85.0 5.5 85.5 6.3 0.5 2.6 0.417 NS
Low lip, LI - OLp (mm) 83.3 6.0 85.0 6.5 1.7 2.9 0.011 *
Low sulcus, LIS - OLp (mm) 76.2 6.0 78.8 6.7 2.6 2.6 0.000 ***
Pog' - OLp (mm) 79.7 7.1 81.7 7.7 2.1 3.0 0.004 **
Airway volume 
NC+MS (mm3) 51,079.3 12,756.9 60,494.4 12,391.0 9,415.2 8,897.4 0.000 ***
NP (mm3) 5,274.5 1,946.8 7,581.8 2,222.8 2,307.3 1,610.3 0.000 ***
OP (mm3) 9,347.6 3,777.3 14,675.7 6,901.1 5,328.1 5,317.4 0.000 ***
Total airway volume (mm3) 65,701.3 15,594.9 82,751.9 16,226.6 17,050.6 13,038.7 0.000 ***
measurements 
HRF (N=22)
T1 T2 T2-T1
A	  THREE	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Table 9: Paired t-test of skeletal, dental, soft tissue and airway measurements within 
Herbst/RME/full fixed appliance Class II (HRF) CS 5-6 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 82.4 3.0 82.2 3.4 -0.2 1.0 0.630 NS
SNB (°) 76.3 3.0 76.5 3.7 0.2 1.3 0.781 NS
ANB (°) 6.1 1.7 5.7 2.0 -0.4 0.7 0.264 NS
S-N (mm) 65.7 3.3 66.1 3.4 0.5 0.6 0.143 NS
SN - PP (°) 1.0 1.7 5.2 11.4 4.2 10.3 0.365 NS
MP - SN (°) 34.0 3.5 30.1 15.2 -3.9 13.3 0.502 NS
PP - MP (°) 27.8 3.9 29.3 3.6 1.5 1.8 0.097 NS
MP - FH  (°) 27.0 3.5 28.1 4.7 1.1 1.5 0.126 NS
Co-A (mm) 80.9 4.0 83.1 3.3 2.2 2.8 0.114 NS
ANS-Me (mm) 60.8 3.5 65.5 4.4 4.7 2.0 0.002 **
Ba-S-N (°) 128.5 2.5 128.8 2.1 0.2 1.3 0.700 NS
Y-Axis  (°) 69.3 3.7 70.6 4.8 1.4 1.3 0.057 NS
Co-Go (mm) 54.9 3.1 58.3 3.9 3.5 1.9 0.007 **
Ba-Na^Pt-Gn (°) -3.0 4.3 -4.3 6.0 -1.4 1.8 0.113 NS
Ar-Go-Me (°) 125.9 2.4 125.0 2.4 -0.9 1.6 0.232 NS
Go-Me (mm) 69.7 5.4 71.8 5.8 2.1 1.8 0.038 *
Co-Gn (mm) 102.1 4.3 106.1 5.4 4.0 2.5 0.012 *
A-Np (mm) 1.3 2.9 1.9 3.1 0.5 0.8 0.179 NS
Pog-Np(mm) -6.7 4.7 -6.5 6.4 0.2 3.1 0.862 NS
Overbite (mm) 5.1 2.0 1.5 0.4 -3.6 2.0 0.008 **
Overjet (mm) 7.3 2.4 2.1 0.3 -5.2 2.3 0.003 **
U1 - PP (°) 110.6 8.5 107.0 5.7 -3.6 8.6 0.359 NS
L1 - MP (°) 94.3 4.5 106.0 4.6 11.7 6.7 0.008 **
U1-APo (mm) 8.1 2.7 5.8 1.1 -2.3 2.2 0.058 NS
U1-APo (°) 31.2 8.3 28.8 2.4 -2.4 8.6 0.535 NS
L1-APo (mm) 0.5 1.5 3.7 1.3 3.2 1.1 0.001 ***
H-Angle (°) 18.7 4.0 16.3 4.5 -2.4 3.1 0.121 NS
Pog' - SnV (mm) -9.6 2.2 -11.3 3.4 -1.7 2.5 0.158 NS
Upper Lip - S Line (mm) 1.5 1.2 -0.8 1.4 -2.3 0.7 0.001 ***
Lower Lip - S Line (mm) 1.4 2.2 1.2 1.2 -0.2 1.1 0.639 NS
G'-Sn-Po' (°) 161.2 4.9 160.0 4.9 -1.2 2.7 0.315 NS
OPT-SN (°) 99.2 7.7 106.6 6.7 7.4 12.1 0.192 NS
Transverse measurements 
Interjugale width (mm) 58.0 3.4 59.5 3.2 1.5 0.9 0.012 *
Max intermolar width (mm) 43.6 2.5 45.4 2.4 1.8 1.0 0.008 **
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 68.9 3.1 69.1 3.5 0.2 1.2 0.681 NS
Mand base, pg – OLp (mm) 70.0 5.0 70.0 7.2 0.0 2.9 0.989 NS
Max incisor, is – OLp (mm) 77.1 2.4 75.2 4.0 -1.9 3.0 0.174 NS
Mand incisor, ii – OLp (mm) 70.0 3.5 73.4 3.9 3.4 0.9 0.000 ***
Max molar, ms – OLp (mm) 48.4 2.5 49.2 3.5 0.8 1.4 0.211 NS
Mand molar, mi – OLp (mm) 48.0 3.5 50.5 4.4 2.5 1.6 0.012 *
Hyoid - OLp (mm) 26.1 8.5 20.3 7.3 -5.8 6.5 0.083 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 93.5 5.0 95.2 5.1 1.7 1.4 0.051 NS
Up sulcus, UIS - OLp (mm) 82.6 3.9 82.8 4.2 0.3 0.6 0.291 NS
Up lip, UI - OLp (mm) 87.3 4.6 85.6 5.2 -1.7 1.5 0.043 *
Low lip, LI - OLp (mm) 84.1 4.6 85.9 5.2 1.8 3.4 0.252 NS
Low sulcus, LIS - OLp (mm) 78.0 3.5 79.1 5.0 1.1 2.3 0.315 NS
Pog' - OLp (mm) 82.0 4.9 81.3 6.2 -0.7 3.0 0.604 NS
Airway volume 
NC+MS (mm3) 53,396.6 13,125.8 57,629.2 8,282.0 4,232.6 8,553.6 0.280 NS
NP (mm3) 4,823.7 1,658.8 7,367.6 915.2 2,543.9 1,564.3 0.010 *
OP (mm3) 8,309.2 2,894.4 13,676.9 3,740.1 5,367.7 4,954.8 0.045 *
Total airway volume (mm3) 66,529.5 15,164.3 78,673.6 10,278.8 12,144.2 12,563.9 0.064 NS
HRF (N=22)
T1 T2 T2-T1measurements 
A	  THREE	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Table 10: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within RME/full filxed appliance Class I (RF) CS 1-2 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements
SNA (°) 72.4 75.7 3.3
SNB (°) 70.2 75.8 5.6
ANB (°) 2.2 -0.1 -2.3
S-N (mm) 67.8 70.3 2.5
SN - PP (°) 6.4 4.3 -2.1
MP - SN (°) 35.2 30.2 -5.0
PP - MP (°) 24.4 21.4 -3.0
MP - FH  (°) 28.2 23.2 -5.0
Co-A (mm) 74.8 83.9 9.1
ANS-Me (mm) 56.2 55.8 -0.4
Ba-S-N (°) 136.8 137.3 0.5
Y-Axis  (°) 71.7 67.4 -4.3
Co-Go (mm) 52.3 62.8 10.5
Ba-Na^Pt-Gn (°) 0.1 4.9 4.8
Ar-Go-Me (°) 116.5 118.6 2.1
Go-Me (mm) 71.1 76.9 5.8
Co-Gn (mm) 95.2 110.7 15.5
A-Np (mm) -2.2 0.3 2.5
Pog-Np(mm) -5.8 2.7 8.5
Overbite (mm) 3.0 3.9 0.9
Overjet (mm) 3.1 3.8 0.7
U1 - PP (°) 101.6 113.5 11.9
L1 - MP (°) 96.3 98.6 2.3
U1-APo (mm) 4.1 6.2 2.1
U1-APo (°) 18.1 24.0 5.9
L1-APo (mm) 1.0 2.7 1.7
H-Angle (°) 10.1 11.4 1.3
Pog' - SnV (mm) -6.3 0.0 6.3
Upper Lip - S Line (mm) -2.7 -3.7 -1.0
Lower Lip - S Line (mm) -1.0 -2.6 -1.6
G'-Sn-Po' (°) 168.6 167.9 -0.7
OPT-SN (°) 95.7 110.9 15.2
Transverse measurements 
Interjugale width (mm) 60.0 65.2 5.2
Max intermolar width (mm) 47.5 50.8 3.3
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 65.6 69.8 4.2
Mand base, pg – OLp (mm) 69.8 78.6 8.8
Max incisor, is – OLp (mm) 71.5 79.6 8.1
Mand incisor, ii – OLp (mm) 68.4 75.8 7.4
Max molar, ms – OLp (mm) 44.6 51.5 6.9
Mand molar, mi – OLp (mm) 45.3 53.5 8.2
Hyoid - OLp (mm) 34.8 27.2 -7.6
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 88.9 101.6 12.7
Up sulcus, UIS - OLp (mm) 77.4 86.8 9.4
Up lip, UI - OLp (mm) 79.8 90.1 10.3
Low lip, LI - OLp (mm) 80.3 90.1 9.8
Low sulcus, LIS - OLp (mm) 76.8 84.6 7.8
Pog' - OLp (mm) 80.1 91.3 11.2
Airway volume 
NC+MS (mm3) 46,340.3 65,345.9 19,005.6
NP (mm3) 3,069.2 8,391.6 5,322.4
OP (mm3) 2,794.1 14,097.0 11,302.9
Total airway volume (mm3) 52,203.6 87,834.5 35,630.9
Measurements T1 T2 T2-T1
RF (N=1)
A	  THREE	  DIMENSIONAL	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Table 11: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within RME/full filxed appliance Class I (RF) CS 3-4 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
T1 T2 T2-T1
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 79.96 3.34 80.03 3.89 0.07 1.16 0.827 NS
SNB (°) 78.32 3.60 77.71 4.34 -0.61 1.36 0.150 NS
ANB (°) 1.63 1.09 2.34 0.98 0.72 0.88 0.016 *
S-N (mm) 65.50 2.19 66.53 2.32 1.03 0.65 0.000 ***
SN - PP (°) -0.10 4.03 -0.23 3.16 -0.13 2.39 0.850 NS
MP - SN (°) 34.22 3.88 36.46 5.69 2.24 2.74 0.016 *
PP - MP (°) 29.23 4.78 31.38 4.99 2.16 4.19 0.102 NS
MP - FH  (°) 27.22 3.88 29.46 5.69 2.24 2.74 0.016 *
Co-A (mm) 78.96 4.76 80.61 4.82 1.65 2.00 0.015 *
ANS-Me (mm) 62.02 3.96 66.57 2.88 4.55 3.19 0.000 ***
Ba-S-N (°) 128.28 5.53 128.38 6.53 0.10 2.01 0.866 NS
Y-Axis  (°) 67.71 2.91 69.04 3.89 1.33 1.76 0.024 *
Co-Go (mm) 57.38 6.41 59.41 7.96 2.03 3.39 0.062 NS
Ba-Na^Pt-Gn (°) -1.25 2.66 -2.29 3.46 -1.04 1.33 0.020 *
Ar-Go-Me (°) 126.88 6.53 126.27 6.14 -0.62 2.18 0.348 NS
Go-Me (mm) 73.76 4.76 77.26 5.33 3.50 2.64 0.001 ***
Co-Gn (mm) 107.41 8.60 111.56 8.43 4.15 2.82 0.000 ***
A-Np (mm) 1.91 3.05 2.33 3.39 0.43 1.03 0.183 NS
Pog-Np(mm) 2.98 7.03 2.88 8.12 -0.11 2.67 0.891 NS
Overbite (mm) 1.62 1.24 1.48 0.94 -0.14 1.27 0.707 NS
Overjet (mm) 2.65 0.90 2.50 1.33 -0.15 1.10 0.645 NS
U1 - PP (°) 106.68 5.59 109.58 4.40 2.90 6.59 0.156 NS
L1 - MP (°) 88.37 6.26 90.12 5.89 1.75 4.91 0.242 NS
U1-APo (mm) 3.77 1.83 4.58 2.20 0.82 1.71 0.127 NS
U1-APo (°) 20.75 5.51 24.63 5.70 3.88 5.11 0.024 *
L1-APo (mm) 1.31 1.51 2.23 2.12 0.92 1.78 0.102 NS
H-Angle (°) 11.03 2.77 11.16 3.41 0.13 2.25 0.841 NS
Pog' - SnV (mm) -2.93 3.67 -5.48 4.44 -2.54 2.59 0.006 **
Upper Lip - S Line (mm) -2.08 1.23 -2.73 1.41 -0.65 1.55 0.218 NS
Lower Lip - S Line (mm) -1.42 1.48 -1.17 2.02 0.25 1.42 0.591 NS
G'-Sn-Po' (°) 167.46 4.50 164.43 4.89 -3.03 2.48 0.001 **
OPT-SN (°) 95.02 8.66 100.33 6.37 5.31 6.90 0.022 *
Transverse measurements 
Interjugale width (mm) 56.29 3.22 59.43 2.87 3.13 1.43 0.000 ***
Max intermolar width (mm) 42.38 3.12 45.92 3.43 3.53 1.99 0.000 ***
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 66.64 3.33 67.79 4.26 1.15 1.10 0.004 **
Mand base, pg – OLp (mm) 74.78 7.24 75.13 9.63 0.35 3.06 0.699 NS
Max incisor, is – OLp (mm) 72.76 4.74 74.63 5.78 1.87 2.67 0.034 *
Mand incisor, ii – OLp (mm) 70.84 4.84 72.88 5.32 2.03 2.27 0.010 *
Max molar, ms – OLp (mm) 47.34 3.80 49.75 4.89 2.41 2.16 0.003 **
Mand molar, mi – OLp (mm) 50.82 5.26 51.09 7.17 0.28 4.69 0.843 NS
Hyoid - OLp (mm) 34.47 6.79 28.67 8.09 -5.80 5.79 0.011 *
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 93.33 3.76 96.20 4.12 2.87 2.12 0.002 **
Up sulcus, UIS - OLp (mm) 82.10 3.76 83.45 4.33 1.35 1.73 0.021 *
Up lip, UI - OLp (mm) 85.15 4.83 85.86 5.81 0.71 2.09 0.266 NS
Low lip, LI - OLp (mm) 85.26 5.34 86.10 6.71 0.84 2.38 0.245 NS
Low sulcus, LIS - OLp (mm) 81.13 6.10 81.34 8.07 0.22 2.78 0.792 NS
Pog' - OLp (mm) 86.10 8.00 86.05 10.16 -0.05 3.03 0.956 NS
Airway volume 
NC+MS (mm3) 52,159.77 10,720.15 55,019.78 9,777.14 2,860.01 9,436.81 0.316 NS
NP (mm3) 5,210.33 2,085.42 6,787.82 2,535.09 1,577.49 1,917.16 0.016 *
OP (mm3) 8,966.17 2,932.84 13,653.13 6,953.94 4,686.96 6,930.24 0.039 *
Total airway volume (mm3) 66,336.26 13,579.88 75,460.72 14,981.27 9,124.46 15,757.98 0.070 NS
measurements 
RF (N=12)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	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Table 12: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within RME/full filxed appliance Class I (RF) CS 5-6 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
T1 T2 T2-T1
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 78.6 3.9 78.9 3.4 0.3 1.0 0.421 NS
SNB (°) 77.8 3.4 77.2 3.0 -0.5 1.5 0.377 NS
ANB (°) 0.8 1.7 1.7 2.0 0.9 0.6 0.013 *
S-N (mm) 68.5 3.3 69.0 3.2 0.4 0.4 0.026 *
SN - PP (°) 0.8 5.6 2.0 4.5 1.2 2.2 0.192 NS
MP - SN (°) 33.8 5.0 34.7 5.9 0.9 2.3 0.354 NS
PP - MP (°) 28.2 5.5 28.0 5.2 -0.2 1.8 0.775 NS
MP - FH  (°) 26.8 5.0 27.7 5.9 0.9 2.3 0.354 NS
Co-A (mm) 83.1 3.7 84.5 3.9 1.5 1.6 0.052 NS
ANS-Me (mm) 67.4 8.0 69.3 6.4 2.0 2.3 0.062 NS
Ba-S-N (°) 130.3 5.1 130.3 5.1 0.0 1.1 0.946 NS
Y-Axis  (°) 68.8 3.9 70.1 3.6 1.3 1.8 0.100 NS
Co-Go (mm) 63.4 6.6 63.6 5.7 0.2 5.3 0.939 NS
Ba-Na^Pt-Gn (°) -1.0 3.8 -1.7 4.0 -0.7 2.6 0.532 NS
Ar-Go-Me (°) 125.4 6.0 124.7 6.2 -0.7 0.9 0.065 NS
Go-Me (mm) 77.1 5.7 78.6 7.8 1.5 3.3 0.263 NS
Co-Gn (mm) 113.9 7.8 115.5 8.6 1.6 1.3 0.017 *
A-Np (mm) 0.3 1.6 1.4 2.5 1.0 1.8 0.172 NS
Pog-Np(mm) 1.0 4.1 0.9 6.7 -0.2 4.2 0.924 NS
Overbite (mm) 1.2 2.2 0.6 0.6 -0.6 2.1 0.458 NS
Overjet (mm) 3.7 3.2 1.8 0.7 -1.9 3.3 0.175 NS
U1 - PP (°) 113.1 4.5 112.8 8.7 -0.3 11.0 0.945 NS
L1 - MP (°) 90.2 9.3 95.9 7.9 5.7 9.0 0.143 NS
U1-APo (mm) 5.6 2.1 5.5 2.1 -0.2 2.6 0.869 NS
U1-APo (°) 26.6 6.8 26.9 6.5 0.3 9.9 0.947 NS
L1-APo (mm) 2.0 1.9 3.7 2.6 1.7 2.4 0.114 NS
H-Angle (°) 12.6 3.1 12.2 4.0 -0.5 2.9 0.694 NS
Pog' - SnV (mm) -4.5 3.4 -5.1 4.1 -0.5 2.2 0.566 NS
Upper Lip - S Line (mm) -1.0 1.7 -2.0 2.0 -1.0 1.9 0.261 NS
Lower Lip - S Line (mm) -0.1 1.5 0.3 2.3 0.4 1.4 0.502 NS
G'-Sn-Po' (°) 166.5 4.7 164.8 6.4 -1.7 3.0 0.183 NS
OPT-SN (°) 98.6 10.5 105.2 7.8 6.7 7.3 0.052 NS
Transverse measurements 
Interjugale width (mm) 57.1 3.6 59.0 4.0 2.0 1.3 0.006 **
Max intermolar width (mm) 41.9 3.1 45.7 2.9 3.8 2.6 0.008 **
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 66.4 5.5 66.7 5.6 0.3 0.5 0.156 NS
Mand base, pg – OLp (mm) 71.7 7.2 70.3 7.7 -1.4 2.0 0.114 NS
Max incisor, is – OLp (mm) 73.9 6.9 73.4 6.6 -0.6 2.8 0.605 NS
Mand incisor, ii – OLp (mm) 70.5 6.8 71.6 6.7 1.1 2.1 0.191 NS
Max molar, ms – OLp (mm) 47.2 5.3 48.0 7.6 0.7 3.1 0.551 NS
Mand molar, mi – OLp (mm) 48.8 5.3 48.5 5.8 -0.3 1.8 0.642 NS
Hyoid - OLp (mm) 25.1 10.6 18.5 4.7 -6.5 8.0 0.200 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 94.2 4.2 95.4 4.4 1.2 0.6 0.012 *
Up sulcus, UIS - OLp (mm) 83.1 5.3 82.5 5.6 -0.6 0.8 0.117 NS
Up lip, UI - OLp (mm) 86.2 6.4 84.6 6.6 -1.6 1.5 0.033 *
Low lip, LI - OLp (mm) 85.6 6.9 84.5 7.0 -1.0 1.6 0.146 NS
Low sulcus, LIS - OLp (mm) 79.8 6.5 78.5 7.1 -1.3 1.6 0.072 NS
Pog' - OLp (mm) 83.2 7.7 81.4 7.7 -1.8 1.9 0.047 *
Airway volume 
NC+MS (mm3) 59,747.4 12,830.4 58,447.7 9,826.5 -1,299.7 11,084.6 0.767 NS
NP (mm3) 6,871.5 2,534.0 8,765.4 3,788.3 1,893.9 1,935.8 0.041 *
OP (mm3) 13,245.1 5,205.3 15,782.4 6,745.8 2,537.3 5,659.8 0.280 NS
Total airway volume (mm3) 79,863.9 19,081.5 82,995.5 16,441.8 3,131.5 15,895.8 0.621 NS
measurements 
RF (N=7)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	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Table 13: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within full fixed appliance Class I (FF) CS 1-2 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 79.5 2.5 79.6 4.8 0.0 3.5 0.989 NS
SNB (°) 77.0 3.2 77.6 5.6 0.6 3.6 0.782 NS
ANB (°) 2.5 1.2 2.0 1.2 -0.6 0.5 0.137 NS
S-N (mm) 66.3 3.8 68.5 3.1 2.2 0.8 0.012 *
SN - PP (°) -0.6 3.7 -0.1 5.3 0.5 4.0 0.809 NS
MP - SN (°) 34.5 3.5 33.7 5.0 -0.8 2.9 0.633 NS
PP - MP (°) 30.3 3.4 28.9 3.4 -1.4 0.8 0.045 *
MP - FH  (°) 27.5 3.5 26.7 5.0 -0.8 2.9 0.633 NS
Co-A (mm) 80.4 3.8 85.1 5.2 4.6 1.8 0.015 *
ANS-Me (mm) 63.3 2.3 68.3 2.8 5.0 2.3 0.021 *
Ba-S-N (°) 134.4 2.4 136.1 5.6 1.8 4.3 0.480 NS
Y-Axis  (°) 68.9 2.5 69.7 3.1 0.7 3.3 0.678 NS
Co-Go (mm) 58.3 5.0 64.9 6.4 6.6 2.3 0.010 *
Ba-Na^Pt-Gn (°) 0.2 2.2 -0.1 3.1 -0.3 2.2 0.832 NS
Ar-Go-Me (°) 125.6 0.9 125.2 0.6 -0.4 1.0 0.460 NS
Go-Me (mm) 72.2 1.9 76.7 2.8 4.5 2.6 0.041 *
Co-Gn (mm) 105.6 4.0 114.4 6.9 8.8 2.9 0.009 **
A-Np (mm) 0.8 3.0 0.4 2.8 -0.5 0.6 0.219 NS
Pog-Np(mm) -2.1 7.6 -1.9 7.3 0.2 1.9 0.832 NS
Overbite (mm) 1.5 1.4 1.0 0.8 -0.5 1.3 0.493 NS
Overjet (mm) 2.5 1.2 2.0 0.8 -0.6 0.4 0.086 NS
U1 - PP (°) 106.9 4.1 108.5 2.2 1.6 3.8 0.457 NS
L1 - MP (°) 94.4 7.4 94.4 8.8 0.0 1.8 1.000 NS
U1-APo (mm) 4.7 0.7 4.6 1.0 0.0 0.6 0.938 NS
U1-APo (°) 25.0 2.3 24.6 1.2 -0.5 2.5 0.743 NS
L1-APo (mm) 2.3 1.1 2.7 1.2 0.5 0.3 0.073 NS
H-Angle (°) 14.2 6.2 13.2 5.4 -1.0 1.9 0.356 NS
Pog' - SnV (mm) -5.4 5.2 -4.4 7.0 1.1 3.1 0.539 NS
Upper Lip - S Line (mm) 0.4 3.6 -1.3 3.4 -1.6 1.3 0.084 NS
Lower Lip - S Line (mm) 0.4 2.9 -0.7 2.7 -1.1 0.9 0.092 NS
G'-Sn-Po' (°) 164.3 2.4 165.0 3.8 -0.6 1.1 0.400 NS
OPT-SN (°) 98.6 5.7 95.4 10.7 -3.2 5.3 0.308 NS
Transverse measurements 
Interjugale width (mm) 60.4 0.8 61.7 0.8 1.3 1.1 0.103 NS
Max intermolar width (mm) 45.8 0.9 46.0 2.0 0.1 1.6 0.883 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 68.2 1.1 70.3 2.1 2.1 1.3 0.048 *
Mand base, pg – OLp (mm) 74.5 2.3 78.5 5.1 4.0 3.4 0.099 NS
Max incisor, is – OLp (mm) 74.7 0.6 77.9 2.7 3.1 2.2 0.065 NS
Mand incisor, ii – OLp (mm) 72.4 1.9 76.0 3.3 3.6 1.6 0.021 *
Max molar, ms – OLp (mm) 51.0 3.2 53.9 3.9 3.0 1.4 0.023 *
Mand molar, mi – OLp (mm) 52.7 3.7 56.2 4.3 3.5 2.9 0.100 NS
Hyoid - OLp (mm) 26.6 5.7 29.6 9.3 3.0 3.6 0.287 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 92.3 2.0 98.8 3.1 6.5 1.5 0.003 **
Up sulcus, UIS - OLp (mm) 82.6 0.6 86.7 1.4 4.1 1.9 0.023 *
Up lip, UI - OLp (mm) 87.4 2.8 91.1 3.8 3.7 2.8 0.079 NS
Low lip, LI - OLp (mm) 87.5 1.8 91.3 2.8 3.8 2.7 0.065 NS
Low sulcus, LIS - OLp (mm) 82.4 1.8 86.4 4.4 4.0 3.0 0.074 NS
Pog' - OLp (mm) 86.8 3.1 91.5 6.3 4.6 3.5 0.079 NS
Airway volume 
NC+MS (mm3) 50,444.5 2,393.2 54,630.7 5,260.9 4,186.2 5,317.0 0.213 NS
NP (mm3) 5,526.5 2,410.8 5,949.0 2,218.7 422.6 778.8 0.357 NS
OP (mm3) 12,273.0 7,582.3 13,273.1 7,142.7 1,000.2 747.4 0.075 NS
Total airway volume (mm3) 68,244.0 12,123.1 73,852.9 12,458.4 5,608.9 4,914.1 0.107 NS
measurements 
FF (N=4)
T1 T2 T2-T1
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	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  Il	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Table 14: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within full fixed appliance Class I (FF) CS 3-4 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 81.0 4.0 80.8 4.1 -0.2 1.3 0.645 NS
SNB (°) 78.5 3.6 78.5 3.9 0.0 0.8 0.881 NS
ANB (°) 2.4 2.4 2.3 1.8 -0.2 1.0 0.592 NS
S-N (mm) 65.9 4.9 66.9 4.6 0.9 1.1 0.014 *
SN - PP (°) 0.4 3.1 1.0 3.5 0.6 2.2 0.397 NS
MP - SN (°) 31.2 4.6 32.0 4.9 0.7 0.9 0.015 *
PP - MP (°) 26.2 3.8 26.2 3.6 0.0 1.8 0.987 NS
MP - FH  (°) 24.2 4.6 25.0 4.9 0.7 0.9 0.015 *
Co-A (mm) 80.9 5.3 82.6 4.5 1.7 1.9 0.011 *
ANS-Me (mm) 61.9 4.3 65.1 4.1 3.2 1.8 0.000 ***
Ba-S-N (°) 129.8 5.2 129.9 5.9 0.1 2.2 0.880 NS
Y-Axis  (°) 67.6 3.8 68.4 3.8 0.8 0.7 0.003 **
Co-Go (mm) 57.2 5.8 60.4 5.9 3.2 2.7 0.002 **
Ba-Na^Pt-Gn (°) 0.2 3.0 -0.4 2.7 -0.7 1.2 0.097 NS
Ar-Go-Me (°) 123.4 2.7 122.9 3.0 -0.5 2.2 0.467 NS
Go-Me (mm) 74.6 7.0 76.9 6.1 2.4 2.1 0.003 **
Co-Gn (mm) 106.3 8.8 110.7 7.7 4.4 2.9 0.000 ***
A-Np (mm) 1.7 3.1 2.0 3.1 0.2 1.9 0.676 NS
Pog-Np(mm) 0.5 6.6 1.5 6.3 1.0 3.6 0.348 NS
Overbite (mm) 3.1 1.7 1.8 0.7 -1.3 1.8 0.027 *
Overjet (mm) 3.0 0.8 2.3 0.6 -0.7 1.0 0.025 *
U1 - PP (°) 106.3 5.5 112.1 4.8 5.8 5.3 0.003 **
L1 - MP (°) 93.8 7.5 97.5 4.7 3.7 6.7 0.084 NS
U1-APo (mm) 4.7 2.2 5.1 1.6 0.4 1.5 0.336 NS
U1-APo (°) 21.5 7.8 26.1 6.3 4.7 6.0 0.021 *
L1-APo (mm) 1.8 1.6 3.0 1.4 1.1 1.4 0.016 *
H-Angle (°) 14.8 4.1 12.6 3.2 -2.2 3.0 0.031 *
Pog' - SnV (mm) -5.9 3.7 -5.7 3.3 0.2 2.2 0.706 NS
Upper Lip - S Line (mm) -0.1 1.9 -1.3 1.5 -1.2 1.9 0.076 NS
Lower Lip - S Line (mm) 0.8 2.5 0.5 2.5 -0.3 1.8 0.567 NS
G'-Sn-Po' (°) 165.9 5.3 165.8 4.6 -0.2 2.4 0.835 NS
OPT-SN (°) 93.2 7.7 95.9 5.9 2.7 8.0 0.268 NS
Transverse measurements 
Interjugale width (mm) 60.3 2.7 60.9 3.0 0.7 0.6 0.003 **
Max intermolar width (mm) 46.3 2.3 46.1 2.9 -0.2 2.5 0.798 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 66.3 5.8 66.8 5.7 0.5 1.3 0.192 NS
Mand base, pg – OLp (mm) 71.1 9.0 71.7 7.6 0.6 2.3 0.375 NS
Max incisor, is – OLp (mm) 73.1 5.9 73.7 5.7 0.5 1.6 0.266 NS
Mand incisor, ii – OLp (mm) 69.6 5.7 71.6 5.9 2.0 1.4 0.000 ***
Max molar, ms – OLp (mm) 45.6 6.7 46.4 6.0 0.9 2.8 0.304 NS
Mand molar, mi – OLp (mm) 47.2 6.8 48.6 6.8 1.4 2.5 0.080 NS
Hyoid - OLp (mm) 25.3 11.4 23.9 9.8 -1.3 4.5 0.375 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 89.4 6.4 91.7 5.8 2.4 2.8 0.037 *
Up sulcus, UIS - OLp (mm) 81.0 7.5 81.4 6.8 0.4 1.7 0.405 NS
Up lip, UI - OLp (mm) 84.7 8.3 84.4 7.4 -0.2 2.1 0.714 NS
Low lip, LI - OLp (mm) 83.8 8.3 84.5 7.2 0.7 2.2 0.285 NS
Low sulcus, LIS - OLp (mm) 78.6 8.4 79.2 7.1 0.6 2.6 0.421 NS
Pog' - OLp (mm) 81.4 9.6 82.1 8.0 0.7 2.8 0.415 NS
Airway volume 
NC+MS (mm3) 55,055.8 14,358.1 63,296.2 15,075.1 8,240.4 5,358.6 0.000 ***
NP (mm3) 6,061.9 1,438.6 8,059.0 1,723.7 1,997.1 1,433.4 0.001 ***
OP (mm3) 11,865.2 4,642.5 14,570.3 6,665.1 2,705.1 7,187.4 0.219 NS
Total airway volume (mm3) 72,982.9 18,092.5 85,925.5 16,008.7 12,942.6 11,089.1 0.002 **
measurements 
FF (N=12)
T1 T2 T2-T1
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	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  Il	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Table 15: Paired t-test of skeletal, dental, soft tissue and airway measurements 
within full fixed appliance Class I (FF) CS 5-6 at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD Mean SD P Sig
Cephalometric measurements 
SNA (°) 82.9 2.5 82.8 3.0 -0.1 0.7 0.744 NS
SNB (°) 80.7 2.7 80.3 2.5 -0.4 0.6 0.121 NS
ANB (°) 2.2 1.8 2.5 1.9 0.3 0.7 0.275 NS
S-N (mm) 65.2 2.7 65.6 2.5 0.4 0.4 0.028 *
SN - PP (°) 1.1 3.4 0.9 3.0 -0.3 1.3 0.614 NS
MP - SN (°) 30.7 4.8 30.9 4.7 0.3 0.9 0.433 NS
PP - MP (°) 24.6 4.0 25.3 3.3 0.8 1.5 0.195 NS
MP - FH  (°) 23.7 4.8 23.9 4.7 0.3 0.9 0.433 NS
Co-A (mm) 82.9 3.4 83.2 3.0 0.3 1.4 0.571 NS
ANS-Me (mm) 62.1 4.7 63.8 5.0 1.7 1.6 0.016 *
Ba-S-N (°) 130.7 6.5 129.8 6.3 -0.9 1.8 0.219 NS
Y-Axis  (°) 66.6 2.8 67.3 2.3 0.7 1.1 0.128 NS
Co-Go (mm) 61.3 3.8 63.2 4.3 1.9 0.8 0.000 ***
Ba-Na^Pt-Gn (°) 1.7 4.1 0.7 3.9 -1.0 1.9 0.180 NS
Ar-Go-Me (°) 122.7 5.7 121.6 5.8 -1.1 0.5 0.000 ***
Go-Me (mm) 76.6 3.9 78.0 3.5 1.4 2.3 0.135 NS
Co-Gn (mm) 110.1 4.7 111.7 5.8 1.6 2.5 0.119 NS
A-Np (mm) 4.1 3.2 4.3 3.5 0.2 0.9 0.567 NS
Pog-Np(mm) 5.0 4.1 4.8 3.9 -0.2 2.1 0.808 NS
Overbite (mm) 2.7 1.9 1.3 1.3 -1.3 2.1 0.115 NS
Overjet (mm) 2.7 1.0 2.3 0.8 -0.4 0.7 0.145 NS
U1 - PP (°) 109.9 6.4 113.0 5.7 3.1 8.0 0.317 NS
L1 - MP (°) 92.5 9.1 98.0 8.3 5.6 7.3 0.068 NS
U1-APo (mm) 4.5 2.7 5.3 2.3 0.8 2.0 0.322 NS
U1-APo (°) 22.0 6.9 26.0 5.8 4.0 8.3 0.214 NS
L1-APo (mm) 2.0 3.0 3.1 2.4 1.2 2.3 0.209 NS
H-Angle (°) 13.6 3.7 13.0 3.9 -0.6 1.8 0.413 NS
Pog' - SnV (mm) -1.1 3.3 -1.8 3.2 -0.8 2.0 0.347 NS
Upper Lip - S Line (mm) -0.5 2.6 -0.9 3.1 -0.4 1.1 0.396 NS
Lower Lip - S Line (mm) -0.2 3.0 -0.6 3.2 -0.4 1.2 0.396 NS
G'-Sn-Po' (°) 168.4 5.9 167.9 4.8 -0.5 3.2 0.679 NS
OPT-SN (°) 101.2 9.3 102.2 7.0 1.0 6.4 0.659 NS
Transverse measurements 
Interjugale width (mm) 59.8 3.6 60.1 3.5 0.3 0.3 0.054 NS
Max intermolar width (mm) 46.8 2.5 46.4 2.5 -0.3 2.6 0.730 NS
Pancherz analysis
Max base, ss – OLp (mm) 67.7 3.5 68.3 4.1 0.7 1.2 0.178 NS
Mand base, pg – OLp (mm) 75.1 6.2 75.1 8.6 -0.1 4.0 0.973 NS
Max incisor, is – OLp (mm) 75.5 5.9 76.1 5.6 0.6 3.0 0.563 NS
Mand incisor, ii – OLp (mm) 72.6 6.4 74.0 6.0 1.4 3.2 0.253 NS
Max molar, ms – OLp (mm) 49.0 4.1 50.2 5.2 1.2 2.4 0.214 NS
Mand molar, mi – OLp (mm) 51.4 5.3 51.9 6.9 0.5 3.5 0.707 NS
Hyoid - OLp (mm) 25.4 7.9 25.9 8.1 0.5 4.8 0.808 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 94.7 3.4 95.5 3.2 0.7 1.3 0.236 NS
Up sulcus, UIS - OLp (mm) 82.6 2.8 82.9 2.5 0.4 1.8 0.599 NS
Up lip, UI - OLp (mm) 87.6 4.5 87.3 4.4 -0.3 1.9 0.715 NS
Low lip, LI - OLp (mm) 87.6 5.7 87.3 5.7 -0.3 3.3 0.801 NS
Low sulcus, LIS - OLp (mm) 82.6 6.2 83.1 7.7 0.5 3.1 0.690 NS
Pog' - OLp (mm) 87.4 5.3 87.4 6.5 0.0 3.9 0.978 NS
Airway volume 
NC+MS (mm3) 53,847.1 7,940.7 56,866.5 7,576.5 3,019.3 3,405.7 0.041 *
NP (mm3) 6,853.2 1,131.7 7,547.2 1,259.8 694.0 1,076.7 0.111 NS
OP (mm3) 12,992.9 7,239.9 13,820.5 5,888.7 827.6 3,976.2 0.575 NS
Total airway volume (mm3) 73,693.2 13,743.8 78,234.1 11,998.5 4,541.0 6,873.8 0.104 NS
FF (N=8)
T1 T2 T2-T1measurements 
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	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Table 16: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between Herbst/RME/full fixed appliance Class II (HRF) and full fixed appliance 
Class I (FF) groups CS 1-2 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) -2.1 2.5 0.0 3.5 0.376 NS
SNB (°) 0.4 1.6 0.6 3.6 0.944 NS
ANB (°) -2.5 1.0 -0.6 0.5 0.020 *
S-N (mm) 4.3 3.3 2.2 0.8 0.294 NS
SN - PP (°) 1.0 3.8 0.5 4.0 0.876 NS
MP - SN (°) 1.4 3.7 -0.8 2.9 0.384 NS
PP - MP (°) -0.7 2.7 -1.4 0.8 0.657 NS
MP - FH  (°) 1.4 3.7 -0.8 2.9 0.384 NS
Co-A (mm) 3.5 2.9 4.6 1.8 0.535 NS
ANS-Me (mm) 6.8 5.7 5.0 2.3 0.593 NS
Ba-S-N (°) -0.9 1.8 1.8 4.3 0.322 NS
Y-Axis  (°) 1.0 1.4 0.7 3.3 0.884 NS
Co-Go (mm) 5.8 6.9 6.6 2.3 0.826 NS
Ba-Na^Pt-Gn (°) -2.2 2.9 -0.3 2.2 0.313 NS
Ar-Go-Me (°) 0.1 3.0 -0.4 1.0 0.737 NS
Go-Me (mm) 9.4 3.5 4.5 2.6 0.066 NS
Co-Gn (mm) 10.9 6.1 8.8 2.9 0.576 NS
A-Np (mm) -0.6 1.8 -0.5 0.6 0.879 NS
Pog-Np(mm) 2.7 3.5 0.2 1.9 0.271 NS
Overbite (mm) -2.0 2.0 -0.5 1.3 0.272 NS
Overjet (mm) -5.7 2.7 -0.6 0.4 0.034 *
U1 - PP (°) -4.1 13.5 1.6 3.8 0.477 NS
L1 - MP (°) 4.9 7.3 0.0 1.8 0.285 NS
U1-APo (mm) -2.8 3.0 0.0 0.6 0.173 NS
U1-APo (°) -8.3 10.7 -0.5 2.5 0.250 NS
L1-APo (mm) 3.1 1.3 0.5 0.3 0.029 *
H-Angle (°) -3.4 0.6 -1.0 1.9 0.077 NS
Pog' - SnV (mm) 0.0 2.2 1.1 3.1 0.588 NS
Upper Lip - S Line (mm) -2.9 0.9 -1.6 1.3 0.148 NS
Lower Lip - S Line (mm) -2.5 1.7 -1.1 0.9 0.200 NS
G'-Sn-Po' (°) -0.9 2.3 -0.6 1.1 0.876 NS
OPT-SN (°) 2.2 1.7 -3.2 5.3 0.125 NS
Transverse measurements 
Interjugale width (mm) 4.0 1.0 1.3 1.1 0.013 *
Max intermolar width (mm) 2.7 1.7 0.1 1.6 0.064 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 1.7 1.9 2.1 1.3 0.729 NS
Mand base, pg – OLp (mm) 3.6 4.0 4.0 3.4 0.883 NS
Max incisor, is – OLp (mm) -0.8 2.7 3.1 2.2 0.068 NS
Mand incisor, ii – OLp (mm) 4.9 4.3 3.6 1.6 0.608 NS
Max molar, ms – OLp (mm) 2.7 2.6 3.0 1.4 0.886 NS
Mand molar, mi – OLp (mm) 5.8 3.0 3.5 2.9 0.305 NS
Hyoid - OLp (mm) 2.6 3.9 3.0 3.6 0.900 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 7.1 4.2 6.5 1.5 0.822 NS
Up sulcus, UIS - OLp (mm) 4.0 3.0 4.1 1.9 0.979 NS
Up lip, UI - OLp (mm) 2.9 2.7 3.7 2.8 0.679 NS
Low lip, LI - OLp (mm) 2.9 2.4 3.8 2.7 0.618 NS
Low sulcus, LIS - OLp (mm) 4.3 3.1 4.0 3.0 0.902 NS
Pog' - OLp (mm) 4.5 3.1 4.6 3.5 0.967 NS
Airway volume 
NC+MS (mm3) 11,126.1 664.6 4,186.2 5,317.0 0.081 NS
NP (mm3) 1,881.8 1,819.9 422.6 778.8 0.214 NS
OP (mm3) 2,456.6 3,394.3 1,000.2 747.4 0.464 NS
Total airway volume (mm3) 15,464.5 5,130.4 5,608.9 4,914.1 0.032 *
Measuremnts
HRF (N=4) FF (N=4)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	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Table 17: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between Herbst/RME/full fixed appliance Class II (HRF) and full fixed appliance 
Class I (FF) groups CS 3-4 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) -1.4 1.9 -0.2 1.3 0.041 *
SNB (°) -0.1 1.8 0.0 0.8 0.898 NS
ANB (°) -1.3 1.0 -0.2 1.0 0.005 **
S-N (mm) 2.1 1.9 0.9 1.1 0.037 *
SN - PP (°) 0.5 2.4 0.6 2.2 0.987 NS
MP - SN (°) 1.2 2.7 0.7 0.9 0.501 NS
PP - MP (°) 0.9 2.8 0.0 1.8 0.288 NS
MP - FH  (°) 1.2 2.7 0.7 0.9 0.501 NS
Co-A (mm) 2.8 2.2 1.7 1.9 0.142 NS
ANS-Me (mm) 5.4 3.5 3.2 1.8 0.020 *
Ba-S-N (°) 0.8 2.6 0.1 2.2 0.409 NS
Y-Axis  (°) 1.5 1.6 0.8 0.7 0.080 NS
Co-Go (mm) 4.9 4.5 3.2 2.7 0.168 NS
Ba-Na^Pt-Gn (°) -0.9 2.4 -0.7 1.2 0.695 NS
Ar-Go-Me (°) -1.0 2.1 -0.5 2.2 0.489 NS
Go-Me (mm) 4.8 2.8 2.4 2.1 0.009 **
Co-Gn (mm) 6.9 4.2 4.4 2.9 0.046 *
A-Np (mm) -0.3 1.7 0.2 1.9 0.416 NS
Pog-Np(mm) 0.9 3.7 1.0 3.6 0.949 NS
Overbite (mm) -2.7 2.1 -1.3 1.8 0.054 NS
Overjet (mm) -5.0 2.1 -0.7 1.0 0.000 ***
U1 - PP (°) -3.0 7.2 5.8 5.3 0.000 ***
L1 - MP (°) 7.6 6.8 3.7 6.7 0.115 NS
U1-APo (mm) -1.7 2.2 0.4 1.5 0.002 **
U1-APo (°) -4.7 7.7 4.7 6.0 0.001 ***
L1-APo (mm) 3.4 1.8 1.1 1.4 0.000 ***
H-Angle (°) -3.2 2.8 -2.2 3.0 0.374 NS
Pog' - SnV (mm) 0.8 2.7 0.2 2.2 0.538 NS
Upper Lip - S Line (mm) -2.1 1.6 -1.2 1.9 0.216 NS
Lower Lip - S Line (mm) -0.7 1.7 -0.3 1.8 0.633 NS
G'-Sn-Po' (°) 1.1 3.8 -0.2 2.4 0.246 NS
OPT-SN (°) 4.9 6.1 2.7 8.0 0.419 NS
Transverse measurements 
Interjugale width (mm) 2.5 1.6 0.7 0.6 0.000 ***
Max intermolar width (mm) 2.1 1.7 -0.2 2.5 0.013 *
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 1.2 1.9 0.5 1.3 0.246 NS
Mand base, pg – OLp (mm) 2.9 6.1 0.6 2.3 0.127 NS
Max incisor, is – OLp (mm) -0.5 3.8 0.5 1.6 0.259 NS
Mand incisor, ii – OLp (mm) 4.3 2.4 2.0 1.4 0.001 **
Max molar, ms – OLp (mm) 1.4 1.9 0.9 2.8 0.592 NS
Mand molar, mi – OLp (mm) 4.1 2.5 1.4 2.5 0.006 **
Hyoid - OLp (mm) -3.2 5.6 -1.3 4.5 0.324 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 4.0 2.6 2.4 2.8 0.151 NS
Up sulcus, UIS - OLp (mm) 1.4 2.4 0.4 1.7 0.168 NS
Up lip, UI - OLp (mm) 0.5 2.6 -0.2 2.1 0.408 NS
Low lip, LI - OLp (mm) 1.7 2.9 0.7 2.2 0.259 NS
Low sulcus, LIS - OLp (mm) 2.6 2.6 0.6 2.6 0.041 *
Pog' - OLp (mm) 2.1 3.0 0.7 2.8 0.188 NS
Airway volume 
NC+MS (mm3) 9,415.2 8,897.4 8,240.4 5,358.6 0.635 NS
NP (mm3) 2,307.3 1,610.3 1,997.1 1,433.4 0.569 NS
OP (mm3) 5,328.1 5,317.4 2,705.1 7,187.4 0.282 NS
Total airway volume (mm3) 17,050.6 13,038.7 12,942.6 11,089.1 0.342 NS
Measuremnts
HRF (N=22) FF (N=12)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	  	  
	  	  	   83	  
Table 18: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between Herbst/RME/full fixed appliance Class II (HRF) and full fixed appliance 
Class I (FF) groups CS 5-6 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD P-Value Sig
Cephalometric measurements 
SNA (°) -0.2 1.0 -0.1 0.7 0.800 NS
SNB (°) 0.2 1.3 -0.4 0.6 0.375 NS
ANB (°) -0.4 0.7 0.3 0.7 0.113 NS
S-N (mm) 0.5 0.6 0.4 0.4 0.968 NS
SN - PP (°) 4.2 10.3 -0.3 1.3 0.343 NS
MP - SN (°) -3.9 13.3 0.3 0.9 0.475 NS
PP - MP (°) 1.5 1.8 0.8 1.5 0.432 NS
MP - FH  (°) 1.1 1.5 0.3 0.9 0.259 NS
Co-A (mm) 2.2 2.8 0.3 1.4 0.175 NS
ANS-Me (mm) 4.7 2.0 1.7 1.6 0.015 *
Ba-S-N (°) 0.2 1.3 -0.9 1.8 0.218 NS
Y-Axis  (°) 1.4 1.3 0.7 1.1 0.350 NS
Co-Go (mm) 3.5 1.9 1.9 0.8 0.104 NS
Ba-Na^Pt-Gn (°) -1.4 1.8 -1.0 1.9 0.726 NS
Ar-Go-Me (°) -0.9 1.6 -1.1 0.5 0.746 NS
Go-Me (mm) 2.1 1.8 1.4 2.3 0.530 NS
Co-Gn (mm) 4.0 2.5 1.6 2.5 0.105 NS
A-Np (mm) 0.5 0.8 0.2 0.9 0.498 NS
Pog-Np(mm) 0.2 3.1 -0.2 2.1 0.782 NS
Overbite (mm) -3.6 2.0 -1.3 2.1 0.070 NS
Overjet (mm) -5.2 2.3 -0.4 0.7 0.003 **
U1 - PP (°) -3.6 8.6 3.1 8.0 0.174 NS
L1 - MP (°) 11.7 6.7 5.6 7.3 0.132 NS
U1-APo (mm) -2.3 2.2 0.8 2.0 0.027 *
U1-APo (°) -2.4 8.6 4.0 8.3 0.194 NS
L1-APo (mm) 3.2 1.1 1.2 2.3 0.051 NS
H-Angle (°) -2.4 3.1 -0.6 1.8 0.262 NS
Pog' - SnV (mm) -1.7 2.5 -0.8 2.0 0.492 NS
Upper Lip - S Line (mm) -2.3 0.7 -0.4 1.1 0.004 **
Lower Lip - S Line (mm) -0.2 1.1 -0.4 1.2 0.774 NS
G'-Sn-Po' (°) -1.2 2.7 -0.5 3.2 0.676 NS
OPT-SN (°) 7.4 12.1 1.0 6.4 0.276 NS
Transverse measurements 
Interjugale width (mm) 1.5 0.9 0.3 0.3 0.024 *
Max intermolar width (mm) 1.8 1.0 -0.3 2.6 0.061 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 0.2 1.2 0.7 1.2 0.525 NS
Mand base, pg – OLp (mm) 0.0 2.9 -0.1 4.0 0.986 NS
Max incisor, is – OLp (mm) -1.9 3.0 0.6 3.0 0.139 NS
Mand incisor, ii – OLp (mm) 3.4 0.9 1.4 3.2 0.128 NS
Max molar, ms – OLp (mm) 0.8 1.4 1.2 2.4 0.735 NS
Mand molar, mi – OLp (mm) 2.5 1.6 0.5 3.5 0.182 NS
Hyoid - OLp (mm) -5.8 6.5 0.5 4.8 0.085 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 1.7 1.4 0.7 1.3 0.268 NS
Up sulcus, UIS - OLp (mm) 0.3 0.6 0.4 1.8 0.886 NS
Up lip, UI - OLp (mm) -1.7 1.5 -0.3 1.9 0.166 NS
Low lip, LI - OLp (mm) 1.8 3.4 -0.3 3.3 0.279 NS
Low sulcus, LIS - OLp (mm) 1.1 2.3 0.5 3.1 0.713 NS
Pog' - OLp (mm) -0.7 3.0 0.0 3.9 0.746 NS
Airway volume 
NC+MS (mm3) 4,232.6 8,553.6 3,019.3 3,405.7 0.754 NS
NP (mm3) 2,543.9 1,564.3 694.0 1,076.7 0.038 *
OP (mm3) 5,367.7 4,954.8 827.6 3,976.2 0.098 NS
Total airway volume (mm3) 12,144.2 12,563.9 4,541.0 6,873.8 0.222 NS
Measuremnts
HFR (N=6) FF (N=8)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	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Table 19: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between RME/full fixed appliance Class I (RF) and full fixed appliance Class I (FF) 
groups CS 3-4 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD P-Value Sig
Cephalometric measurements
SNA (°) 0.1 1.2 -0.2 1.3 0.619 NS
SNB (°) -0.6 1.4 0.0 0.8 0.218 NS
ANB (°) 0.7 0.9 -0.2 1.0 0.032 *
S-N (mm) 1.0 0.7 0.9 1.1 0.843 NS
SN - PP (°) -0.1 2.4 0.6 2.2 0.470 NS
MP - SN (°) 2.2 2.7 0.7 0.9 0.094 NS
PP - MP (°) 2.2 4.2 0.0 1.8 0.122 NS
MP - FH  (°) 2.2 2.7 0.7 0.9 0.094 NS
Co-A (mm) 1.7 2.0 1.7 1.9 0.959 NS
ANS-Me (mm) 4.6 3.2 3.2 1.8 0.202 NS
Ba-S-N (°) 0.1 2.0 0.1 2.2 1.000 NS
Y-Axis  (°) 1.3 1.8 0.8 0.7 0.317 NS
Co-Go (mm) 2.0 3.4 3.2 2.7 0.369 NS
Ba-Na^Pt-Gn (°) -1.0 1.3 -0.7 1.2 0.463 NS
Ar-Go-Me (°) -0.6 2.2 -0.5 2.2 0.875 NS
Go-Me (mm) 3.5 2.6 2.4 2.1 0.264 NS
Co-Gn (mm) 4.2 2.8 4.4 2.9 0.860 NS
A-Np (mm) 0.4 1.0 0.2 1.9 0.761 NS
Pog-Np(mm) -0.1 2.7 1.0 3.6 0.395 NS
Overbite (mm) -0.1 1.3 -1.3 1.8 0.077 NS
Overjet (mm) -0.2 1.1 -0.7 1.0 0.196 NS
U1 - PP (°) 2.9 6.6 5.8 5.3 0.244 NS
L1 - MP (°) 1.8 4.9 3.7 6.7 0.432 NS
U1-APo (mm) 0.8 1.7 0.4 1.5 0.576 NS
U1-APo (°) 3.9 5.1 4.7 6.0 0.734 NS
L1-APo (mm) 0.9 1.8 1.1 1.4 0.742 NS
H-Angle (°) 0.1 2.3 -2.2 3.0 0.047 *
Pog' - SnV (mm) -2.5 2.6 0.2 2.2 0.009 **
Upper Lip - S Line (mm) -0.7 1.6 -1.2 1.9 0.487 NS
Lower Lip - S Line (mm) 0.3 1.4 -0.3 1.8 0.428 NS
G'-Sn-Po' (°) -3.0 2.5 -0.2 2.4 0.009 **
OPT-SN (°) 5.3 6.9 2.7 8.0 0.402 NS
Transverse measurements
Interjugale width (mm) 3.1 1.4 0.7 0.6 0.000 ***
Max intermolar width (mm) 3.5 2.0 -0.2 2.5 0.001 ***
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 1.2 1.1 0.5 1.3 0.219 NS
Mand base, pg – OLp (mm) 0.3 3.1 0.6 2.3 0.817 NS
Max incisor, is – OLp (mm) 1.9 2.7 0.5 1.6 0.161 NS
Mand incisor, ii – OLp (mm) 2.0 2.3 2.0 1.4 0.949 NS
Max molar, ms – OLp (mm) 2.4 2.2 0.9 2.8 0.154 NS
Mand molar, mi – OLp (mm) 0.3 4.7 1.4 2.5 0.477 NS
Hyoid - OLp (mm) -5.8 5.8 -1.3 4.5 0.070 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 2.9 2.1 2.4 2.8 0.671 NS
Up sulcus, UIS - OLp (mm) 1.4 1.7 0.4 1.7 0.201 NS
Up lip, UI - OLp (mm) 0.7 2.1 -0.2 2.1 0.284 NS
Low lip, LI - OLp (mm) 0.8 2.4 0.7 2.2 0.887 NS
Low sulcus, LIS - OLp (mm) 0.2 2.8 0.6 2.6 0.717 NS
Pog' - OLp (mm) -0.1 3.0 0.7 2.8 0.547 NS
Airway volume 
NC+MS (mm3) 2,860.0 9,436.8 8,240.4 5,358.6 0.104 NS
NP (mm3) 1,577.5 1,917.2 1,997.1 1,433.4 0.551 NS
OP (mm3) 4,687.0 6,930.2 2,705.1 7,187.4 0.499 NS
Total airway volume (mm3) 9,124.5 15,758.0 12,942.6 11,089.1 0.500 NS
Measurements
RF(N=12) FF(N=12)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	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Table 20: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between RME/full fixed appliance Class I (RF) and full fixed appliance Class I (FF) 
groups CS 5-6  
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
  
Mean SD Mean SD P-Value Sig
Cephalometric measurements
SNA (°) 0.3 1.0 -0.1 0.7 0.387 NS
SNB (°) -0.5 1.5 -0.4 0.6 0.789 NS
ANB (°) 0.9 0.6 0.3 0.7 0.138 NS
S-N (mm) 0.4 0.4 0.4 0.4 0.914 NS
SN - PP (°) 1.2 2.2 -0.3 1.3 0.155 NS
MP - SN (°) 0.9 2.3 0.3 0.9 0.539 NS
PP - MP (°) -0.2 1.8 0.8 1.5 0.286 NS
MP - FH  (°) 0.9 2.3 0.3 0.9 0.539 NS
Co-A (mm) 1.5 1.6 0.3 1.4 0.162 NS
ANS-Me (mm) 2.0 2.3 1.7 1.6 0.833 NS
Ba-S-N (°) 0.0 1.1 -0.9 1.8 0.262 NS
Y-Axis  (°) 1.3 1.8 0.7 1.1 0.450 NS
Co-Go (mm) 0.2 5.3 1.9 0.8 0.428 NS
Ba-Na^Pt-Gn (°) -0.7 2.6 -1.0 1.9 0.766 NS
Ar-Go-Me (°) -0.7 0.9 -1.1 0.5 0.324 NS
Go-Me (mm) 1.5 3.3 1.4 2.3 0.906 NS
Co-Gn (mm) 1.6 1.3 1.6 2.5 0.969 NS
A-Np (mm) 1.0 1.8 0.2 0.9 0.293 NS
Pog-Np(mm) -0.2 4.2 -0.2 2.1 0.987 NS
Overbite (mm) -0.6 2.1 -1.3 2.1 0.513 NS
Overjet (mm) -1.9 3.3 -0.4 0.7 0.278 NS
U1 - PP (°) -0.3 11.0 3.1 8.0 0.518 NS
L1 - MP (°) 5.7 9.0 5.6 7.3 0.972 NS
U1-APo (mm) -0.2 2.6 0.8 2.0 0.466 NS
U1-APo (°) 0.3 9.9 4.0 8.3 0.447 NS
L1-APo (mm) 1.7 2.4 1.2 2.3 0.665 NS
H-Angle (°) -0.5 2.9 -0.6 1.8 0.907 NS
Pog' - SnV (mm) -0.5 2.2 -0.8 2.0 0.816 NS
Upper Lip - S Line (mm) -1.0 1.9 -0.4 1.1 0.524 NS
Lower Lip - S Line (mm) 0.4 1.4 -0.4 1.2 0.280 NS
G'-Sn-Po' (°) -1.7 3.0 -0.5 3.2 0.490 NS
OPT-SN (°) 6.7 7.3 1.0 6.4 0.140 NS
Transverse measurements 
Interjugale width (mm) 2.0 1.3 0.3 0.3 0.010 *
Max intermolar width (mm) 3.8 2.6 -0.3 2.6 0.009 **
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 0.3 0.5 0.7 1.2 0.477 NS
Mand base, pg – OLp (mm) -1.4 2.0 -0.1 4.0 0.426 NS
Max incisor, is – OLp (mm) -0.6 2.8 0.6 3.0 0.430 NS
Mand incisor, ii – OLp (mm) 1.1 2.1 1.4 3.2 0.848 NS
Max molar, ms – OLp (mm) 0.7 3.1 1.2 2.4 0.762 NS
Mand molar, mi – OLp (mm) -0.3 1.8 0.5 3.5 0.576 NS
Hyoid - OLp (mm) -6.5 8.0 0.5 4.8 0.185 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 1.2 0.6 0.7 1.3 0.454 NS
Up sulcus, UIS - OLp (mm) -0.6 0.8 0.4 1.8 0.229 NS
Up lip, UI - OLp (mm) -1.6 1.5 -0.3 1.9 0.181 NS
Low lip, LI - OLp (mm) -1.0 1.6 -0.3 3.3 0.627 NS
Low sulcus, LIS - OLp (mm) -1.3 1.6 0.5 3.1 0.198 NS
Pog' - OLp (mm) -1.8 1.9 0.0 3.9 0.310 NS
Airway volume 
NC+MS (mm3) -1,299.7 11,084.6 3,019.3 3,405.7 0.355 NS
NP (mm3) 1,893.9 1,935.8 694.0 1,076.7 0.180 NS
OP (mm3) 2,537.3 5,659.8 827.6 3,976.2 0.518 NS
Total airway volume (mm3) 3,131.5 15,895.8 4,541.0 6,873.8 0.833 NS
FF(N=8)
Measurements
RF(N=7)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	  	  
	  	  	   86	  
Table 21: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between Herbst/RME/full fixed appliance Class II (HRF) and RME/full fixed appliance 
Class I (RF) groups CS 3-4 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
Mean SD Mean SD P-Value Sig
Cephalometric measurements
SNA (°) -1.4 1.9 0.1 1.2 0.009 **
SNB (°) -0.1 1.8 -0.6 1.4 0.357 NS
ANB (°) -1.3 1.0 0.7 0.9 0.000 ***
S-N (mm) 2.1 1.9 1.0 0.7 0.025 *
SN - PP (°) 0.5 2.4 -0.1 2.4 0.443 NS
MP - SN (°) 1.2 2.7 2.2 2.7 0.282 NS
PP - MP (°) 0.9 2.8 2.2 4.2 0.350 NS
MP - FH  (°) 1.2 2.7 2.2 2.7 0.282 NS
Co-A (mm) 2.8 2.2 1.7 2.0 0.138 NS
ANS-Me (mm) 5.4 3.5 4.6 3.2 0.487 NS
Ba-S-N (°) 0.8 2.6 0.1 2.0 0.381 NS
Y-Axis  (°) 1.5 1.6 1.3 1.8 0.795 NS
Co-Go (mm) 4.9 4.5 2.0 3.4 0.045 *
Ba-Na^Pt-Gn (°) -0.9 2.4 -1.0 1.3 0.828 NS
Ar-Go-Me (°) -1.0 2.1 -0.6 2.2 0.607 NS
Go-Me (mm) 4.8 2.8 3.5 2.6 0.207 NS
Co-Gn (mm) 6.9 4.2 4.2 2.8 0.031 *
A-Np (mm) -0.3 1.7 0.4 1.0 0.132 NS
Pog-Np(mm) 0.9 3.7 -0.1 2.7 0.352 NS
Overbite (mm) -2.7 2.1 -0.1 1.3 0.000 ***
Overjet (mm) -5.0 2.1 -0.2 1.1 0.000 ***
U1 - PP (°) -3.0 7.2 2.9 6.6 0.023 *
L1 - MP (°) 7.6 6.8 1.8 4.9 0.007 **
U1-APo (mm) -1.7 2.2 0.8 1.7 0.001 ***
U1-APo (°) -4.7 7.7 3.9 5.1 0.000 ***
L1-APo (mm) 3.4 1.8 0.9 1.8 0.001 ***
H-Angle (°) -3.2 2.8 0.1 2.3 0.001 ***
Pog' - SnV (mm) 0.8 2.7 -2.5 2.6 0.002 **
Upper Lip - S Line (mm) -2.1 1.6 -0.7 1.6 0.027 *
Lower Lip - S Line (mm) -0.7 1.7 0.3 1.4 0.133 NS
G'-Sn-Po' (°) 1.1 3.8 -3.0 2.5 0.001 ***
OPT-SN (°) 4.9 6.1 5.3 6.9 0.864 NS
Transverse measurements 
Interjugale width (mm) 2.5 1.6 3.1 1.4 0.225 NS
Max intermolar width (mm) 2.1 1.7 3.5 2.0 0.047 *
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 1.2 1.9 1.2 1.1 0.958 NS
Mand base, pg – OLp (mm) 2.9 6.1 0.3 3.1 0.115 NS
Max incisor, is – OLp (mm) -0.5 3.8 1.9 2.7 0.040 *
Mand incisor, ii – OLp (mm) 4.3 2.4 2.0 2.3 0.014 *
Max molar, ms – OLp (mm) 1.4 1.9 2.4 2.2 0.181 NS
Mand molar, mi – OLp (mm) 4.1 2.5 0.3 4.7 0.020 *
Hyoid - OLp (mm) -3.2 5.6 -5.8 5.8 0.267 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 4.0 2.6 2.9 2.1 0.195 NS
Up sulcus, UIS - OLp (mm) 1.4 2.4 1.4 1.7 0.919 NS
Up lip, UI - OLp (mm) 0.5 2.6 0.7 2.1 0.769 NS
Low lip, LI - OLp (mm) 1.7 2.9 0.8 2.4 0.347 NS
Low sulcus, LIS - OLp (mm) 2.6 2.6 0.2 2.8 0.022 *
Pog' - OLp (mm) 2.1 3.0 -0.1 3.0 0.064 NS
Airway volume 
NC+MS (mm3) 9,415.2 8,897.4 2,860.0 9,436.8 0.061 NS
NP (mm3) 2,307.3 1,610.3 1,577.5 1,917.2 0.276 NS
OP (mm3) 5,328.1 5,317.4 4,687.0 6,930.2 0.784 NS
Total airway volume (mm3) 17,050.6 13,038.7 9,124.5 15,758.0 0.153 NS
Measurements
HRF(N=22) RF(N=12)
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Table 22: Welch’s t-test of skeletal, dental, soft tissue and airway changes at T2-T1 
between Herbst/RME/full fixed appliance Class II (HRF) and RME/full fixed appliance 
Class I (RF) groups CS 5-6 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
  
Mean SD Mean SD P-Value Sig
Cephalometric measurements
SNA (°) -0.2 1.0 0.3 1.0 0.364 NS
SNB (°) 0.2 1.3 -0.5 1.5 0.384 NS
ANB (°) -0.4 0.7 0.9 0.6 0.010 **
S-N (mm) 0.5 0.6 0.4 0.4 0.907 NS
SN - PP (°) 4.2 10.3 1.2 2.2 0.516 NS
MP - SN (°) -3.9 13.3 0.9 2.3 0.423 NS
PP - MP (°) 1.5 1.8 -0.2 1.8 0.117 NS
MP - FH  (°) 1.1 1.5 0.9 2.3 0.822 NS
Co-A (mm) 2.2 2.8 1.5 1.6 0.605 NS
ANS-Me (mm) 4.7 2.0 2.0 2.3 0.042 *
Ba-S-N (°) 0.2 1.3 0.0 1.1 0.784 NS
Y-Axis  (°) 1.4 1.3 1.3 1.8 0.955 NS
Co-Go (mm) 3.5 1.9 0.2 5.3 0.161 NS
Ba-Na^Pt-Gn (°) -1.4 1.8 -0.7 2.6 0.567 NS
Ar-Go-Me (°) -0.9 1.6 -0.7 0.9 0.837 NS
Go-Me (mm) 2.1 1.8 1.5 3.3 0.724 NS
Co-Gn (mm) 4.0 2.5 1.6 1.3 0.077 NS
A-Np (mm) 0.5 0.8 1.0 1.8 0.523 NS
Pog-Np(mm) 0.2 3.1 -0.2 4.2 0.851 NS
Overbite (mm) -3.6 2.0 -0.6 2.1 0.025 *
Overjet (mm) -5.2 2.3 -1.9 3.3 0.067 NS
U1 - PP (°) -3.6 8.6 -0.3 11.0 0.561 NS
L1 - MP (°) 11.7 6.7 5.7 9.0 0.198 NS
U1-APo (mm) -2.3 2.2 -0.2 2.6 0.153 NS
U1-APo (°) -2.4 8.6 0.3 9.9 0.622 NS
L1-APo (mm) 3.2 1.1 1.7 2.4 0.170 NS
H-Angle (°) -2.4 3.1 -0.5 2.9 0.283 NS
Pog' - SnV (mm) -1.7 2.5 -0.5 2.2 0.393 NS
Upper Lip - S Line (mm) -2.3 0.7 -1.0 1.9 0.140 NS
Lower Lip - S Line (mm) -0.2 1.1 0.4 1.4 0.402 NS
G'-Sn-Po' (°) -1.2 2.7 -1.7 3.0 0.767 NS
OPT-SN (°) 7.4 12.1 6.7 7.3 0.896 NS
Transverse measurements 
Interjugale width (mm) 1.5 0.9 2.0 1.3 0.439 NS
Max intermolar width (mm) 1.8 1.0 3.8 2.6 0.097 NS
Pancherz analysis (Hard tissue)
Max base, ss – OLp (mm) 0.2 1.2 0.3 0.5 0.880 NS
Mand base, pg – OLp (mm) 0.0 2.9 -1.4 2.0 0.353 NS
Max incisor, is – OLp (mm) -1.9 3.0 -0.6 2.8 0.428 NS
Mand incisor, ii – OLp (mm) 3.4 0.9 1.1 2.1 0.029 *
Max molar, ms – OLp (mm) 0.8 1.4 0.7 3.1 0.947 NS
Mand molar, mi – OLp (mm) 2.5 1.6 -0.3 1.8 0.012 *
Hyoid - OLp (mm) -5.8 6.5 -6.5 8.0 0.882 NS
Pancherz analysis (Soft tissue)
Nose, Prn - OLp (mm) 1.7 1.4 1.2 0.6 0.494 NS
Up sulcus, UIS - OLp (mm) 0.3 0.6 -0.6 0.8 0.054 NS
Up lip, UI - OLp (mm) -1.7 1.5 -1.6 1.5 0.912 NS
Low lip, LI - OLp (mm) 1.8 3.4 -1.0 1.6 0.105 NS
Low sulcus, LIS - OLp (mm) 1.1 2.3 -1.3 1.6 0.062 NS
Pog' - OLp (mm) -0.7 3.0 -1.8 1.9 0.453 NS
Airway volume 
NC+MS (mm3) 4,232.6 8,553.6 -1,299.7 11,084.6 0.332 NS
NP (mm3) 2,543.9 1,564.3 1,893.9 1,935.8 0.517 NS
OP (mm3) 5,367.7 4,954.8 2,537.3 5,659.8 0.357 NS
Total airway volume (mm3) 12,144.2 12,563.9 3,131.5 15,895.8 0.278 NS
RF(n=7)
Measurements
HRF(N=6)
A	  THREE	  DIMENSIONAL	  STUDY	  OF	  CRANIOFACIAL	  AND	  AIRWAY	  STRUCTURES	  IN	  SKELETAL	  CLASS	  Il	  TREATED	  WITH	  RME	  AND	  
HERBST	  APPLIANCE	  	  
	  	  	   88	  
Table 23: Correlations of skeletal, dental, soft tissue and airway change in 
Herbst/RME/full fixed appliance Class II (HRF), RME/full filxed appliance Class I (RF) 
and full fixed appliance Class I (FF) groups at T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NC-MS NP OP NC-MS NP OP NC-MS NP OP
Correlation 0.020 0.124 0.313 0.180 0.178 0.126 0.217 0.111 0.124
P-Value 0.912 0.500 0.081 0.448 0.454 0.596 0.308 0.607 0.565
Sig NS NS NS NS NS NS NS NS NS
Correlation -0.161 -0.006 0.175 0.072 0.118 -0.078 -0.037 -0.002 0.004
P-Value 0.378 0.972 0.337 0.762 0.621 0.743 0.864 0.993 0.986
Sig NS NS NS NS NS NS NS NS NS
Correlation 0.249 0.261 0.309 0.640 0.529 0.642 0.695 0.322 0.465
P-Value 0.170 0.150 0.085 0.002 0.017 0.002 0.000 0.125 0.022
Sig NS NS NS ** * ** *** NS *
Correlation -0.413 -0.181 -0.032 0.286 0.324 0.341 -0.131 -0.049 0.182
P-Value 0.019 0.322 0.861 0.221 0.164 0.142 0.540 0.820 0.395
Sig * NS NS NS NS NS NS NS NS
Correlation -0.032 -0.020 0.115 0.262 0.396 0.119 0.500 0.090 0.021
P-Value 0.864 0.914 0.530 0.265 0.084 0.618 0.013 0.675 0.923
Sig NS NS NS NS NS NS * NS NS
Correlation -0.169 -0.158 0.001 0.094 0.286 0.067 0.587 0.216 0.044
P-Value 0.354 0.387 0.996 0.693 0.221 0.778 0.003 0.311 0.836
Sig NS NS NS NS NS NS ** NS NS
Correlation -0.235 -0.267 -0.208 -0.007 -0.148 -0.138 0.607 0.075 0.026
P-Value 0.212 0.153 0.269 0.977 0.534 0.563 0.002 0.729 0.904
Sig NS NS NS NS NS NS ** NS NS
Correlation 0.418 0.259 -0.019 0.658 0.175 0.393 0.365 -0.013 0.314
P-Value 0.017 0.152 0.919 0.002 0.460 0.086 0.079 0.953 0.135
Sig * NS NS ** NS NS NS NS NS
Correlation 0.123 0.051 -0.214 0.474 -0.026 0.062 0.472 -0.083 0.204
P-Value 0.501 0.782 0.240 0.035 0.914 0.794 0.020 0.700 0.338
Sig NS NS NS * NS NS * NS NS
Max Intermolar 
width(mm)
Hyoid-OLp (mm)
Interjugale 
width(mm)
A-OLp (mm)
Pg-OLp (mm)
SN (mm)
OPT-SN (°)
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Table 24: Correlations of skeletal, dental, soft tissue and airway change in 
Herbst/RME/full fixed appliance Class II (HRF), RME/full filxed appliance Class I (RF) 
and full fixed appliance Class I (FF) groups at T2
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NC-MS NP OP NC-MS NP OP NC-MS NP OP
Correlation -0.035 0.124 0.036 0.560 0.217 0.380 0.207 -0.075 0.034
P-Value 0.851 0.497 0.844 0.010 0.359 0.098 0.332 0.727 0.876
Sig NS NS NS ** NS NS NS NS NS
Correlation -0.190 0.027 0.098 0.533 0.271 0.268 0.121 -0.009 0.095
P-Value 0.297 0.885 0.592 0.015 0.248 0.253 0.574 0.967 0.660
Sig NS NS NS * NS NS NS NS NS
Correlation 0.272 0.116 0.173 0.368 0.268 0.181 0.495 -0.214 0.000
P-Value 0.132 0.527 0.342 0.110 0.253 0.444 0.014 0.315 0.999
Sig NS NS NS NS NS NS * NS NS
Correlation -0.473 -0.230 0.098 0.078 0.378 0.213 -0.283 0.145 0.322
P-Value 0.006 0.205 0.593 0.742 0.100 0.368 0.179 0.500 0.125
Sig ** NS NS NS NS NS NS NS NS
Correlation 0.013 -0.074 0.252 0.325 0.317 0.190 0.322 -0.154 -0.208
P-Value 0.943 0.686 0.165 0.163 0.173 0.422 0.125 0.474 0.329
Sig NS NS NS NS NS NS NS NS NS
Correlation -0.073 -0.058 0.066 0.145 0.127 0.233 0.331 -0.109 -0.226
P-Value 0.692 0.752 0.718 0.541 0.595 0.322 0.114 0.613 0.287
Sig NS NS NS NS NS NS NS NS NS
Correlation -0.202 -0.020 -0.004 -0.247 -0.393 -0.086 0.529 -0.193 -0.207
P-Value 0.285 0.916 0.985 0.293 0.086 0.719 0.008 0.366 0.331
Sig NS NS NS NS NS NS ** NS NS
Correlation 0.596 0.122 0.109 0.607 0.312 0.397 0.329 -0.053 0.208
P-Value 0.000 0.507 0.553 0.005 0.180 0.083 0.116 0.806 0.329
Sig *** NS NS ** NS NS NS NS NS
Correlation 0.253 0.123 0.030 0.342 0.022 0.397 0.212 0.005 0.107
P-Value 0.162 0.502 0.872 0.140 0.926 0.083 0.320 0.981 0.618
Sig NS NS NS NS NS NS NS NS NS
Max Intermolar 
width(mm)
Hyoid-OLp (mm)
Interjugale 
width(mm)
A-OLp (mm)
Pg-OLp (mm)
SN (mm)
OPT-SN (°)
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Table 25: Correlations of skeletal, dental, soft tissue and airway change in 
Herbst/RME/full fixed appliance Class II (HRF), RME/full filxed appliance Class I (RF) 
and full fixed appliance Class I (FF) groups at T2-T1 
 
Note 
1. OPT Line through the most superior posterior point and inferior posterior point of the odontoid process of the 
second cervical vertebra. 
2. OLp (occlusal line perpendicular), a line perpendicular to the occlusal line through anterior wall of sella. 
3. NS, Not significant at P <0.05; *: Significant at P <= 0.05; **: Significant at P <= 0.01 and ***: Significant at P <= 
0.001 
 
 
 
 
 
 
 
 
  
NC-MS NP OP NC-MS NP OP NC-MS NP OP
Correlation 0.385 0.337 0.088 0.046 0.145 0.213 0.127 0.187 0.068
P-Value 0.030 0.059 0.632 0.847 0.541 0.366 0.553 0.382 0.752
Sig 32.000 32.000 32.000 20.000 20.000 20.000 24.000 24.000 24.000
Correlation 0.139 0.388 0.242 -0.053 0.167 0.132 0.079 0.015 -0.073
P-Value 0.447 0.028 0.182 0.823 0.482 0.578 0.714 0.944 0.734
Sig NS * NS NS NS NS NS NS NS
Correlation 0.307 -0.114 -0.048 0.325 0.454 0.244 0.122 0.234 0.100
P-Value 0.087 0.535 0.795 0.162 0.044 0.300 0.569 0.270 0.641
Sig NS NS NS NS * NS NS NS NS
Correlation 0.033 0.446 0.588 0.505 0.632 0.736 -0.062 0.032 0.405
P-Value 0.856 0.010 0.000 0.023 0.003 0.000 0.775 0.883 0.049
Sig NS ** *** * ** *** NS NS *
Correlation 0.439 0.335 0.328 0.246 0.200 0.067 -0.060 0.169 -0.014
P-Value 0.012 0.061 0.066 0.295 0.398 0.778 0.782 0.430 0.949
Sig * NS NS NS NS NS NS NS NS
Correlation 0.233 0.126 -0.107 0.079 0.043 0.170 -0.050 0.247 0.134
P-Value 0.200 0.492 0.558 0.740 0.857 0.475 0.818 0.244 0.533
Sig NS NS NS NS NS NS NS NS NS
Correlation 0.083 -0.363 -0.577 -0.453 -0.413 -0.642 0.174 0.045 -0.022
P-Value 0.651 0.041 0.001 0.045 0.070 0.002 0.416 0.834 0.920
Sig NS * *** * NS ** NS NS NS
Correlation 0.080 0.011 0.168 0.348 0.229 0.260 0.123 0.076 0.325
P-Value 0.665 0.953 0.358 0.132 0.331 0.268 0.567 0.725 0.122
Sig NS NS NS NS NS NS NS NS NS
Correlation -0.484 -0.313 -0.131 0.074 0.092 0.352 0.143 0.027 0.468
P-Value 0.005 0.082 0.476 0.755 0.699 0.128 0.504 0.899 0.021
Sig ** NS NS NS NS NS NS NS *
Max Intermolar 
width(mm)
Hyoid-OLp (mm)
Interjugale 
width(mm)
A-OLp (mm)
Pg-OLp (mm)
SN (mm)
OPT-SN (°)
SNA (°)
SNB (°)
FF (n=24)HRF (n=32) RF (n=20)
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FIGURE LEGENDS  
 
Figure 1: Image orientation in sagittal and transverse views 
Figure 2: Linear measurements used in the standard cephalometric analysis 
Figure 3: Angular measurements used in the standard cephalometric analysis 
Figure 4: Interjugale width measurement 
Figure 5: Maxillary intermolar width measurement 
Figure 6: Superimposition of pre- (T1) and post-treatment (T2) CBCT images  
Figure 7: Display of hard tissue changes after superimpositioning 
Figure 8: Display of soft tissue changes after superimpositioning 
Figure 9: Reference points and lines used in Pancherz analysis (hard tissue)   
Figure 10: Reference points and lines used in Pancherz analysis (soft tissue) 
Figure 11: Nasal cavity with maxillary sinuses measurements 
Figure 12: Nasopharynx measurements 
Figure 13: Oropharynx measurements 
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Figure 1: Image orientation in sagittal and transverse views 
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Figure 2: Linear measurements used in the standard cephalometric analysis: (1) S-N, 
(2) Midface Length (Co-A), (3) LAFH (ANS-Me), (4) Co-Go, (5) Corpus Length (Go-
Me), (6) Mandibular length (Co-Gn), (7) A-N Perpendicular (A-Np), (8) Pog-N 
Perpendicular (Pog-Np), (9) Overbite, (10) Overjet, (11) U-Incisor Protrusion (U1-
APo), (12) L1 Protrusion (L1-APo), (13) Pog' - SnV, (14) Upper Lip - S Line, and (15) 
Lower Lip - S Line 
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Figure 3: Angular measurements used in the standard cephalometric analysis: (1) 
SNA, (2) SNB, (3) ANB, (4) SN-PP, (5) MP-SN, (6) PP-MP, (7) MP-FH, (8) Ba-S-N, 
(9) Y-Axis (SGn-SN), (10) Facial Axis Angle (Ba-Na^Pt-Gn), (11) Gonial/Jaw Angle 
(Ar-Go-Me), (12) U1-PP, (13) L1-MP, (14) U-Incisor Inclination (U1-APo), (15) H-
Angle (Pg'UL-Pg'Na'), (16) Facial Convexity (G'-Sn-Po'), and (17) OPT-SN 
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Figure 4: Interjugale width measurement 
 
 
 
Figure 5: Maxillary intermolar width measurement 
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Figure 6: Superimposition of pre- (T1) and post-treatment (T2) CBCT images.  
 
 
 
Figure 7: Display of hard tissue changes after superimpositioning 
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Figure 8: Display of soft tissue changes after superimpositioning 
 
 
 
Figure 9: Reference points and lines used in Pancherz analysis (hard tissue). 
Reference lines, OL and OLp, and linear measurements: ss-OLp, pg-OLp, is-OLp, ii-
OLp, ms-OLp, mi-OLp and Hyoid-OLp  
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Figure 10: Reference points and lines used in Pancherz analysis (soft tissue). 
Reference lines, OL and OLp, and linear measurements: Prn-OLp, UIS-OLp, UI-OLp, 
LI-OLp, LIS-OLp and Pog’-Olp 
 
 
 
Figure 11: Nasal cavity with maxillary sinuses measurements 
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Figure 12: Nasopharynx measurements 
 
 
 
Figure 13: Oropharynx measurements 
 
 
 
